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ABSTRACT 
Due to global competition, manufacturing firms in high-wage countries must target 
innovation in production processes and technologies that allow the mass manufacturing of 
customized products through highly efficient processes. Motivated by the concept of the 
integrative production systems, hybrid process of polymer injection molding and sheet 
metal forming, known as polymer injection forming (PIF), has been introduced to 
manufacture sheet metal-polymer components using a single tooling, machinery, and 
operating system. During this process, the sheet metal blank inside the injection mold is 
deformed by means of tool movement and/or by pressure of the polymer melt. As the melt 
cools, the injected polymer is permanently bonded to the deformed sheet metal depending 
upon the existence/use of any bonding agents. 
Despite the wide application potential of the PIF process in the manufacturing of sheet 
metal-polymer hybrid structures, its scientific knowledge is still premature, and several 
challenges have prevented the implementation of this technology. From the experimental 
point of view, the lack of special tool design for PIF process and limitations of injection 
molding machines have confined previous work to stretch forming of sheet metal with no 
draw-in allowance. In addition, previous studies have mostly focused on the effect of 
injection parameters on deformation of sheet metal, thereby overlooking the specification 
of injected moiety as part of the final hybrid component. In theoretical studies, PIF process 
has been mostly compared with the hydroforming process and investigation was limited to 
only understanding the effect of rheological characterization of the polymer melt on 
pressure distribution and sheet metal deformation. Hence, the effect of coupled 
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filling/forming condition of this process on melt flow pattern and modeling of PIF process, 
based on the particular behavior of polymer melt flow, was missed in previous studies. 
Finally, no applied solution has been so far suggested to mitigate the practical issues ahead 
of implementing PIF technology in actual industrial applications. 
It is these issues that this dissertation addresses. Hence, the first part of this study is to 
conduct a holistic experimental investigation using a specialized setup and a new design 
concept of PIF mold for the purpose of applying the blank holder force (BHF) 
independently from the preset clamping force on injection machine. Moreover, a set of 
sensors and a data acquisition system are integrated to capture online in-mold process 
parameters as well as transient variables on the injection machine. 
Using the proposed mold design, the interaction of BHF and injection rate is studied 
experimentally and compared with the results of a novel analytical-numerical simulation. 
Besides the successful conduction of this modeling approach, the superposition of draw-in 
value calculated from this analysis with pressure profiles captured by the sensor revealed 
that the drawing of sheet metal into the cavity happens mostly during the initial stages of 
PIF process, whereas wrinkling and flashing occurred afterward.  
Using the specialized setup, the PIF process was investigated and compared with 
regular injection molding in terms of online process parameters, cross-sectional 
morphology and degree of crystallinity. The most important finding to emerge out of this 
study is that the polymer melt is packed to a much greater extent in filling/forming phase 
of PIF process and its flow pattern follows sheet deformation mostly in the axial direction 
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which directly influences the distribution of pressure, temperature, crystallinity and the 
solidified layer. 
Based on the aforementioned flow pattern, a general approach to modeling the PIF 
process is developed in this work. Regardless of the quick and reasonably accurate 
performance of this modelling approach to predict the pressure distribution of the melt flow 
and deformation of the sheet metal, the results of this study clearly showed the dependence 
of the pressure profile and deformation characterization to the shot volume and the blank 
material. 
As mentioned earlier, there are several challenges ahead of using PIF technology in the 
actual industrial production; thick layer of polymer when there is deep deformation, non-
uniform deformation due to pressure loss and the effect of shrinkage vs. springback. To 
mitigate these issues, the final part of this dissertation focused on a feasibility study 
integrating PIF process with Sc.F. technology. The results of this feasibility study clearly 
demonstrated that the capability of this integration concept in ensuring weight reduction 
and achieving microcellular structure while eliminating the issues related to shrinkage. 
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CHAPTER ONE 
1. MOTIVATION AND INTRODUCTION
1.1 Multi-material design and hybrid components  
Currently, multi-material design and hybrid components are typically used in 
combination to obtain several diverse materials that attain synergistic and superior 
characterization compared to those exhibited by a single material. This combination 
usually occurs at the macro-scale, while their micro- and nano-combinations are mostly 
referred by the term “composite” [1].  
Even early cultures found advantageous to combine different materials in order to 
improve the quality of their products, such as the use of wood or leather to make handles 
for metallic tools or weapons. But the difficulties associated with joining dissimilar 
materials and the limitations of traditional techniques to join complex geometries have 
limited the application of multi-material design for a long time [2]. 
The environmental issues related to CO2 emission and economic concerns such as the 
trend of rising fuel price forced the transportation sector especially the automotive industry 
to pursue the light-weighting strategy in their products. The reason is that the vehicle mass 
affects its energy consumption through mass-related driving resistances such as inertia and 
rolling forces. For example, one study [3] has shown that it is possible to reduce fuel 
consumption by ~ 4-7 % upon lightweighting vehicles by 10 %, while another study [4] 
has demonstrated that reducing car weight by 100 kg leads to a reduction in emissions by 
8.4 g CO2/km.  
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Although there are several common approaches for weight reduction, such as the use 
of advanced high strength steel (AHSS), lightweight alloys, and carbon fiber-reinforced 
plastics (CFRP), mass savings can be more substantially achieved through integrated multi-
material approaches [5]. As demonstrated in Figure 1-1, upon combining different 
materials such as aluminum, magnesium, high strength steel, and CFRP, body mass 
reduction is significantly higher vis-à-vis the conventional single material approach.  
 
Figure 1-1: Material composition of different vehicle body designs [5]. 
As the automotive industry is a very competitive market and is driven by cost, 
maximum mass reduction is not the only goal that automobiles strive for. Hence, a practical 
weight reduction strategy should also be economically feasible. As reported in Figure 1-2, 
the chosen multi-material design can also contribute to cost reduction of light weighting 
since several diverse functionalities can be attained through a single hybrid component. 
This reduces the number of parts in the assembly line which in turn leads to a faster and 
3 
 
more accurate production process [6]. The combined use of polymers and metals leads to 
more flexible options for assembling of components, and in some cases, it reduces the 
number of parts in the assembly as well since the individual component provides multiple 
functionalities. This part reduction reciprocates as reduced material flow/requirement in 
the supply chain. All this leads to a reduction in the number of associates needed to run the 
plant as well as cycle time needed for assembly, thereby also decreasing the capital 
investment for manufacturing. Owing to this aspect, the cost of the product also goes down 
significantly [1,3].  
 
 
Figure 1-2: Trend of light weighting approaches [6]. 
 
Thus, the high potential of hybrid components to fulfill the recent lightweighting 
requirements is driving various industries, especially the automotive sector, to invest in 
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research and development on multi-material design approaches and associated 
manufacturing processes [7, 8]. 
1.2 Metal-polymer hybrid technology 
One such hybrid multi-material approach that can lead to an enormous reduction in 
mass, number of parts and production efforts is the plastic-metal hybrid (PMH) technology 
[9]. Hence, PMH has been receiving a growing attention during the last decade across 
several industries ranging from the automotive and aerospace sectors to electronic devices 
and home appliances. The main motivation behind this is that integration of metals and 
polymers as a hybrid structure enables the properties of both materials to complement each 
other in an optimal manner, resulting in synergistic effects that cannot be attained with 
either of the two constituent materials independently [10]. 
Generally, metals are combined with polymers to provide the following advantages: 
 Higher strength and modulus of elasticity 
 More ductile behavior during failure 
 Improvement in aesthetic appearance 
 Increase in thermal and electrical conductivity  
 Protection against electromagnetic interference  
On the other side, the benefits offered by the polymer can be listed as follows: 
 Feasibility of adding more complex geometry to the design 
 Weight advantage over most of the metals, especially steel alloys 
 Improving resistance against corrosion  
 Insulating against heat, electricity, and sound 
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 Improving the damping capability, especially in the acoustic range 
With regard to the automotive sector, in order to achieve the objectives mentioned in 
the previous section, the use of hybrid structures made of metals and polymers represents 
an ideal solution. The first example of practical implementation of this technology can be 
tailed to the Audi A6 AVANT. In this vehicle, the front-end component was produced as 
a hybrid structure by combining sheet metal (steel) with elastomer-modified polyamide 
PA6-GF30 as shown in Figure 1-3 [11]. This combination led to a 10 % reduction in 
production costs and a 15 % reduction in weight [12].  
 
Figure 1-3: The front end of Audi A6 AVANT made as a metal-polymer hybrid component [12]. 
After this successful implementation, the metal-polymer hybrid technology has been 
gradually employed into other vehicle parts as it allows the part to meet structural and non-
structural requirements without incorporating additional components [13]. For example, 
BMW has recently introduced a new hybrid technology called “Carbon Core”, which is a 
sandwich structure consisting of metal on both sides with carbon fiber between them. Using 
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this technology, the B-pillar of BMW i7 series was manufactured by the combined use of 
hot-formed, press hardened high-strength steel and CFRP [14]. 
 
Figure 1-4: BMW 7series – Implementation of Carbon Core (CFRP-Steel hybrid) technology into 
manufacturing of B-pillars [15].  
Today, hybrid construction can no longer be achieved solely through material 
substitution. To stay competitive, careful attention must also be paid to manufacturing 
technologies as a focal point in implementing the multi-material design. Traditional 
procedures of manufacturing metal-polymer hybrid component can be categorized into 
three technologies [16]: 
1. The plastic and metallic parts are separately produced and then joined together in a 
third operation using mechanical joints and/or thermal or adhesive bonding. This 
method enables the creation of closed-section hybrids which offer high load-bearing 
capability and functional integrity. Nevertheless, for joints achieved using adhesives, 
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higher costs coupled with longer curing time and limited resistance against chemical 
and thermal conditions are the main drawbacks of this procedure. 
2. The sheet metal part is coated with a thin layer of polymer either before or after the 
stamping process. Then, in the third operation, the polymer-coated surface of the metal 
insert is welded to another polymeric part using ultrasonic and/or another welding 
method. However, this technology permits more design flexibility and functional 
integration vis-à-vis the first method but involves four operations in total that are 
accompanied by an additional cost. 
3. First, the metal blank is formed by a stamping process. Then, it is placed in an injection 
mold to be over-molded by the polymer. During this process, the polymer covers 
around the edges and/or fills the designated holes or buttons of the metallic part to 
create a bonding between them via mechanical interlocking. However, no third 
operation is required in this procedure. The reliance on the presence of holes and free 
edges may, however, compromise the structural stiffness and integrity of the final part. 
Given the aforementioned methods and associated challenges, although several 
procedures are currently used to produce metal-polymer hybrid components, all of them 
involve issues such as a large number of processing steps and limitations in terms of both 
productivity and complexity for the component produced. One way to overcome this 
challenge of reducing the manufacturing time and effort for producing hybrid metal-
polymer structures while also increasing the quality and reliability of their manufacturing 




Figure 1-5: Illustration of the advantage of integrated processes over the conventional procedures 
for manufacturing metal-polymer hybrids. 
 
1.3 Introduction of Polymer Injection Forming (PIF) as a hybrid manufacturing 
system 
Manufacturing firms in high-wage countries are increasingly coming under pressure 
due to global competition and lower production costs in other countries. To counter this 
and maintain production sites located in their original countries, manufacturing firms must 
target innovation in production processes and technologies that allow the mass 
manufacturing of customized products through a highly efficient process. Hybrid 
manufacturing processes remain standout examples in this regard, for they consist of 
technological developments that exhibit a way to overcome limitations associated with 
earlier technologies while adapting themselves to incorporate new materials and features. 
The aim of hybridization at the process level is to consolidate the steps of several different 
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manufacturing processes in order to reduce cycle time, increase efficiency, allow design 
flexibility and increase productivity, while decreasing costs, thus increasing the return-on-
investment (ROI) [17]. Moreover, hybrid production increases the complexity and 
technical requirements of the system, thereby making product imitation difficult [18]. 
 Motivated by the aforementioned aspects, a new platform technology has been recently 
developed to manufacture sheet metal-polymer macro composites in a single operation – 
known as Polymer Injection Forming (PIF) [19]. The general idea behind the PIF process 
is to put sheet metals and plastics into a single machine with a specially designed mold to 
manufacture a wider range of sheet metal-polymer hybrids as illustrated in Figure 1-6. 
 
Figure 1-6: The general idea of the PIF process. 
PIF is a hybrid manufacturing process that integrates the best-in-class manufacturing 
technologies in polymers and metals, viz., injection-molding and sheet metal forming. 
Injection molding is a robust, versatile process for mass-producing complex polymer parts 
with tight dimensional tolerances that need neither finishing nor assembly. Injection-
molding accounts for 33% of all polymers processed and more than half of the polymer 
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processing equipment used [20]. Sheet metal forming is also a widely-used metal shaping 
process to mass produce components. It dominates the metallic components manufacturing 
within the automotive, aerospace, and power engineering industries [21]. Hence, 
integrating these two technologies will provide the technological adeptness for hybrid 
manufacturing system and market identity in terms of application. A schematic of the PIF 
process is shown in Figure 1-7.  
 
Figure 1-7: Schematic of the PIF process sequences. 
The PIF process starts with placing the sheet metal blank in the injection mold using 
designated grips. Then, two halves of the mold are closed which results in applying the 
pre-set clamping force on the blank as a blank holder force. Subsequently, the polymer 
melt is injected into the feeding system and other free spaces – this is considered as the 
initial filling stage. After initial filling, the polymer tends to deform the sheet metal and 
squeeze into the newly developed space. Hence, the polymer melt serves as a forming 
medium and the filling phase turns to coupled filling/forming condition. In this stage, the 
sheet metal first begins to undergo free deformation until it gets in contact with the cavity 
wall – this is the beginning of the shape forming. Simultaneously, solidification of the 
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polymer melt also occurs. Subsequent to the expiration of the cooling time, the mold halves 
are opened, and both the molded polymeric part and the deformed sheet metal are removed 
from the mold either separately or as a unified hybrid component, depending upon the 
presence/use of bonding agent. The bonding between metal and polymer can be attained 
by direct bonding, surface treatment, mechanical interlock or adhesive coating. 
PIF improves the production process/cycle by reducing the production steps while 
facilitating easy assembly via embedding several functionality features into a single 
product. Only one tool is needed in PIF, thus greatly reducing tool costs. Moreover, the 
discovery of the PIF process presents a new vision for the manufacturing community, 
especially in developing multi-material construction, multi-component systems, thin-
walled and non-homogeneous geometric components, and in-mold robotic technologies. 
While the PIF process as an integrated manufacturing process provides several advantages 
and new opportunities for manufacturing hybrid components, the main drawback of this 
integration is the high complexity of process control and parameter optimization which 
indicates the importance of carrying out research in this field. Thus, analytical modeling, 
numerical simulation, and experimental investigation are needed to overcome this 
difficulty by indicating the effect of this integration on the performance of this process and 
characterization of the final hybrid component – all of which can eventually lead to the 






 2. LITERATURE REVIEW AND RESEARCH GAPS  
This chapter will explore the literature that is essential for understanding the 
fundamentals of the PIF process and review the state of the art in this field. As the PIF 
process is the integration of the sheet metal forming and injection molding technologies, 
in some respects, it is similar to other processes within these two technologies namely 
hydroforming and overmolding. Hence, in the first section of this chapter, these two 
processes will be briefly introduced, and their differences regarded to the PIF process will 
be emphasized. Subsequently, the major experimental investigations and modeling 
attempts reported in literature about the PIF process are summarized and discussed. Finally, 
the practical challenges ahead of utilizing this hybrid process in an actual industrial 
application will be highlighted. 
2.1 Similar processes 
Among the sheet metal forming processes, PIF looks similar to the hydroforming 
process since, in both, the sheet blank is deformed by the mean of a fluid pressure. 
Hydroforming is a manufacturing process where fluid pressure is applied to metal blanks 
to form designed parts. If a sheet is used as the blank, the process is called sheet metal 
hydroforming, and if a tube-shape blank is used, it is called tube hydroforming. The typical 
process sequences of sheet hydroforming are depicted in Figure 2-1. This process starts 
with placing the blank on the lower side of the tool. After closing the die, the considered 
blank holder force is applied on the sheet blank through the blank holder plate. Then, fluid 
gets in contact with one side of the sheet blank and is pressurized to form the blank. The 
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deformation generally is started with the free forming stage and followed by the calibration 
stage where the sheet metal gets in contact with the cavity walls.  
 
Figure 2-1: Schematic of sheet hydroforming [22] 
However, the PIF process and hydroforming process initially look similar especially in 
terms of using a fluid as the forming medium and the sequences of deformation, there are 
several fundamental differences which are listed as follows: 
 In hydroforming process, the forming medium is usually water, oil or air which are 
non-viscos Newtonian fluids [23]. As a result, in most of the studies related to the 
hydroforming technology, a uniform hydrostatic pressure field is responsible for the 
metal deformation [24]. Although this is an accurate assumption in the conventional 
hydroforming process, in PIF process, where non-Newtonian temperature-dependent 
polymer melt is used as the forming medium, such assumptions do not reflect the real 
condition  [25]. Hence, investigating this new hybrid process requires managing the 
non-uniform pressure distribution and the mutual interaction of polymer melt flow with 
sheet metal deformation. 
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 Although hydroforming process can also be conducted in elevated temperature, the 
temperature distribution in this process is uniform and just varied regarded to the time 
[26]. But in PIF process the temperature of polymer melt is not uniformly distributed 
which results in non-uniform distribution of the sheet metal blank. 
 In contrast with hydroforming, where forming medium is separated from the deformed 
blank at the end of the process, in the PIF process, the polymer melt gets solidified and 
joined to the deform sheet metal as a part of the final hybrid component. This fact limits 
the selection of design parameters more than conventional hydroforming. For instance, 
a deep deformation of sheet metal by mean of PIF process may result in a thick layer 
of polymer in that region which is not usually a desired condition in injection molding 
process. Moreover, since the deformation of sheet metal, injection of the polymeric part 
and their joining occur in the same operation, the interaction of the spring back and 
shrinkage also needs to be considered. It is because these two phenomena are in the 
opposite direction hence influencing each other. 
On the side of injection molding technology, there are some specialized processes such 
as insert molding, in-mold labeling, in-mold assembly and back molding in which an insert 
is placed into the mold and then over molded by the polymer melt [20]. These processes 
are generally known as overmolding process. However, PIF process is similar to 
overmolding process in terms of placing an insert into the mold and producing a hybrid 
component by making a bond between the insert and injected melt, their main difference 
can be rooted to the fact that no deformation happens on the insert during the overmolding 
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process. The similarities and differences of the PIF process and the overmolding process 
is schematically illustrated in Figure 2-2. 
 
Figure 2-2: the overlap and discrepancy of the PIF and overmolding processes 
In over molding process, the melt flow behavior is basically the same as regular 
injection molding process since the insert just occupied a part of the cavity space and the 
polymer melt flows into the remaining free space of the cavity. But, in the PIF process, 
after the initial filling stage, there is no free space for the polymer to flow in it. Hence, the 
melt has to deform the sheet metal and simultaneously squeeze into the newly developed 
space. This coupled filling/forming phase is the main difference of the PIF process with 
other conventional injection molding processes which need to be taken into account 
especially in terms of melt flow pattern and the specification of the injected polymeric part.  
Although both sheet metal forming and injection molding technologies are well-known 
manufacturing procedures with reasonably mature scientific knowledge [20, 27], the 
employment of that knowledge in the PIF process is limited due to aforementioned 
differences. Hence, in order to use and later develop the existing practical and scientific 
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knowledge in PIF process, first, these differences and limitation need to be carefully 
identified.  
In this regard, the effect of the molding parameters on the deformation of the blank and 
the thickness distribution of the deformed sheet were experimentally investigated in the 
initial studies [28-31]. But in their analytical and finite element modeling, the PIF process 
was assumed completely similar to the hydroforming process hence a uniform pressure 
distribution was considered within the deformation area. Later, attempts were undertaken 
to couple the existing commercial CFD codes with the structural FE tools in order to model 
the mutual interaction of the sheet metal deformation and polymer melt flow [32, 33]. 
However, with this approach they could transfer the non-uniform pressure distribution of 
the melt flow into the sheet metal analysis, the calculated pressure field was not accurate 
enough due to the weak coupling and not considering the particular differences of the PIF 
process with conventional injection molding process. The increase of processing power of 
computers and the advent of modern simulation tools allow researcher to define the PIF 
process as a multi-field/multi-physics problem and studied through a Fluid-Structure 
Interaction (FSI) simulation [34-36]. Regardless of the complexity of this approach which 
limits them to only study simple geometries, their investigations were still limited to the 
effect of thermal and rheological characterization of polymer melt on the deformation of 
the sheet metal and its strain, stress, and thickness distributions.  
Given all, most of the research has been so far done on the PIF process are concentrated 
on its differences with the conventional sheet metal forming processes. Therefore, very 
little data is available on the differences between the PIF process and regular injection 
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molding process. Specificly, there is no attempt to investigate the melt flow behavior 
during the filling/forming phase and its effects on the quality of the injected polymer as a 
part of the final hybrid components. Moreover, the effect of the injecting polymer, forming 
sheet metal and bonding them together during a single operation need to be also considered 
in terms of two opposite phenomena namely springback and shrinkage. 
2.2 Experimental investigations 
Despite the wide potential application of the PIF process in the manufacturing of sheet 
metal-polymer hybrid structures, a number of challenges have limited in-depth 
experimental investigation of this process. One such obstacle is the lack of a special feature 
in the regular injection molding machine for the separate application and control of the 
Blank Holding Force (BHF) from the preset clamping force [33]. Thus, the application of 
a low BHF requires placing the injection machine on the low clamping force setting which 
increases the risk of flashing issue from the opening of the mold halves. Hence, most of 
the research undertaken concerning this hybrid process, a fully clamped condition with no 
draw-in allowance was considered for the sheet metal. For instance, to deform a 
superplastic sheet metal within a ribbed-shaped cavity in the stretch forming condition 
Parng and Yang [28] studied the effect of the melt and mold temperature on the thickness 
distribution and fracture type of the sheet metal. Similarly, Chen, et al. [30] used the PIF 
process in the fabrication of the sandwich panels by injecting the polymer between two 
sheet metal blanks. Although they numerically studied the effect of the friction coefficient 
on the draw-in value of the sheet metal, the limitations of their configuration prevented the 
elucidation of a corresponding experimental result. Lucchetta and Baesso [33, 37] also 
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experimentally investigated the influence of the injection molding process parameters on 
the sheet metal formability. Despite mentioning about the great effect of clamping force 
(as the BHF) on the performance of the PIF process, they could not successfully apply low 
clamp force in their experiments due to the aforementioned limitations. Hence, in their 
subsequent work [32], to validate their proposed modeling approach, they conducted 
experiments with a high clamping force and no chance for the sheet to slip. Later, Hussain 
et al. [25, 34] conducted a comprehensive research on the PIF process by studying the 
deformation geometries of free and cup forming, and deformation within two concentric 
circular ring channels. Despite their significant enhancement in the knowledge of the PIF 
process, the limitations of their conventional injection molding machine also restricted the 
stretch forming of the metal blank [38]. 
Given all, the experimental investigations of the PIF process involved preliminary 
analysis of the process with limited variation in the investigated parameters, a summary of 
which is presented in Table 2-1; studies with () indicate the inclusion of a respective 
characteristic while () indicates exclusion. 
It can be seen in Table 2-1 that some important parameters have been missed in the 
previous studies. These parameters can be divided into three categories – Polymeric part, 
sheet metal and their interface. In the polymeric part, gradient of cavity pressure and 
temperature and in-mold viscosity are the most important parameters that have not been 
studied. In the metal portion, the contact force and the blank holder force have not been 
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studied experimentally. At the interface region, the effects of sheet surface, adhesive 
coating, shrinkage and spring back have not been studied experimentally. 
Table 2-1: Summary of the related experimental work 
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Cavity P&T       
Gradient of cavity P&T       
In-mold viscosity       




















Blank holder force       
Sheet position       
Contact force       
Post process geometrical 
investigation 
















s Sheet surface       






. Bonding strength        
Shrinkage vs spring back       
2.3 Approaches to modeling of PIF 
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The presence of the coupled interaction between the fluid (polymer melt) and structure 
(sheet metal) greatly enhances the complexity of the sheet forming processes. Hence, the 
deformation of sheet metal via polymer melt pressure has been defined as a multi-
field/multi-physics problem and mostly studied through a complex, nonlinear Fluid-
Structure Interaction (FSI) simulation. Indeed, even with the increase of processing power 
of computers and the advent of modern simulation technologies, modeling FSI problems 
is highly time-consuming and suffers from not converging due to mesh penetration and 
mesh distortion [40, 41]. Resolving the current computational challenges in the PIF 
modeling has entailed either developing geometrical simplifications of the definition of the 
problem or confining simulations to the uncoupled and weakly-coupled approaches. For 
example, Chen, et al. [30] did not model the melt flow assuming a uniform pressure 
distribution within the deformed sheet and neglecting the thermal condition due to the short 
duration of the filling stage. Also, Hussain, et al. [34] simplified the model geometry to a 
punch die mechanism similar to the hydromechanical sheet metal forming to avoid 
computational inconveniences and remeshing instabilities. 
Very little has been undertaken to elucidate the analytical modeling of this process, 
however. The first analytical study of PIF was that of Parng and Yang [28] who undertook 
an experimental investigation of the fracture mechanism and thickness ratio distribution in 
superplastic Zn–Al sheets with a ribbed shaped cavity. They also analyzed the thickness 
variation of the sheet using the equation of conservation of the mass. Assuming a uniform 
distribution of pressure and a nearly circular bulge profile, they utilized a theoretical model 
of the conventional bulging without any modification. Similarly, Tekkaya, et al. [25] 
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elucidated the non-hydrostatic response of the polymer melt in thin paths and its influence 
on deformation of the sheet into the concentric channels designated in the mold. They 
determined that a required pressure was needed to form the sheet within the channels based 
on the membrane theory, assuming a hydrostatic pressure distribution and uniform 
thickness within the channel. However, the aforementioned simplifying assumptions 
resulted in a significant difference between predicted pressure and measured pressure 
within the cavity. Recently, Farahani, et al. [42] also presented a general methodology to 
model the free deformation of sheet metal under nonhydrostatic pressure such as polymer 
melt pressure. Although they did develop a quick analytical solution for the PIF process 
considering the mutual interaction of sheet metal and polymer, they used the existing model 
for injection molding process to calculate the pressure distribution which results in an 
inaccuracy in their final calculation. Moreover, their relations and calculation procedure 
have several limitations which will be discussed later in section 2.3. 
A summary of the PIF simulation studies considering the aforementioned aspects is 
presented in Table 1; studies with () indicate the inclusion of a respective characteristic 
while () indicates exclusion. 
Therefore, very little data is available in the analytical modeling of sheet metal 
deformation under a non-uniform pressure medium. Specifically, in these studies, the 
polymer melt was treated only as the pressure medium and no investigation to determine 
the properties of the polymer or molded component were conducted. These studies only 
considered the stretch forming of the planar blank, not the draw-in allowance or preformed 
blank-in simulations. Also, no studies were undertaken to elucidate the boundary 
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conditions and phase transfer, which could have an impactful effect on taking the 
technology closer to product application 
Table 2-2: Summary of past studies on PIF simulation 
Simulation characteristic [35] [34] [31] [36] [32] [30] 
Melt flow 
Non-uniform 
pressure       
Non-uniform 
temperature       
Dynamic 





condition       
Anisotropy       
Preformed 
blank     
  
Draw-in 




Solidified layer       
Sheet surface 
condition       
 
2.4 Practical challenges ahead of industrial application 
Despite the wide potential application of the PIF process in manufacturing of hybrid 
metal-polymer components, several practical issues have hindered its use in industrial 




A deep forming of the metal blank alone through the polymer melt pressure results in 
a thick layer of polymer in that area (see Figure 2-3(a)). It is one of the major difference 
between the conventional injection molding and PIF process especially in the case of free 
or cup forming [38]. This thick layer of polymer is not desired as it can cause several issues 
such as increasing the weight of the part, increasing cooling time, possibility of warpage 
and local excessive shrinkage or sink mark. 
A noticeable pressure loss along the flow path from the machine nozzle and within the 
cavity is usually normal in injection molding process due to shear-rate, and temperature-
dependent viscous behavior of polymer melt [20]. In PIF process, this excessive pressure 
loss causes a non-uniform pressure distribution and consequently non-uniform deformation 
as it was reported by Tekkaya, et al. [25] (see Figure 2-3(b)). 
During the injection process and afterward, the solidification of the melt takes place 
and consequently becomes smaller in size. This phenomenon is referred to as the shrinkage 
and its value might be noticeable depending upon the material composition and processing 
parameters [43]. On the other side, one of the main challenges of sheet material forming 
processes is an elastic recovery which is known as springback. It is generally defined as 
the geometric change of sheet metal parts after the loading is removed due to the action of 
residual stresses and thereby affects the dimensional accuracy of a deformed part [44]. 
Shrinkage and springback play opposite roles in the PIF process, inducing significant 
stresses on the contact area that in turn reduces the bonding layer strength and leads to the 




Figure 2-3: practical issues in PIF process; (a) a thick layer of polymer melt [38] and (b) non-
uniform deformation [25] 
Although the aforementioned practical issues have been partly reported in the previous 
work, no applied solution has been proposed to eliminate these issues or reduce their effects 
on the performance of the PIF process or the quality of the final hybrid part. 
2.5 Summary of research gaps 
Research Gap-1: As the parameters which have been measured and investigated so far 
are very limited, a comprehensive experimental setup is to be designed and prepared for 
simultaneous molding and forming operations considering: 
 Capable of free and cup forming with different depth of deformation and initial 
thickness of the polymer layer. 
 A mechanism to apply the blank holder force (BHF) independently from the preset 
clamping force on injection machine. 
 A set of instrumentations and data acquisition to capture and monitor cavity pressure, 
temperature, and their respective gradients. 
 Capable of integrating Sc.F. technology and controlling pressure drop and drop rate 
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Research Gap-2: As most of the research has been so far done on the PIF process are 
concentrated on its differences with the conventional sheet metal forming processes, very 
little data is available on the differences between the PIF process and regular injection 
molding process, specifically, in terms of the melt flow pattern and characterization of 
the injected polymeric part via this process.  
Research Gap-3: A reliable numerical simulation is to be conducted by eliminating 
technical issues such as time-consuming, penetration and mesh distortion. Moreover, 
numerical modeling needs to be developed in order to cover the missing aspects of the 
PIF process especially considering high injection rates, drawing allowance and interfacial 
layer. 
Research Gap-4: There are several challenges ahead of using PIF technology in the 
actual industrial production; a thick layer of polymer when there is a deep deformation, 
non-uniform deformation due to pressure loss and the effect if shrinkage vs. springback. 
Hence, applied solutions need to be proposed to eliminate these issues or reduce their 





 3. AIMS AND ORGANIZATION OF THE WORK  
The overall goal of this work is to enhance and develop scientific knowledge of the 
Polymer Injection Forming (PIF) process as a new age hybrid manufacturing system that 
integrates polymer injection molding and sheet metal forming processes. In pursuit of this 
goal, this study investigates the fundamental physics and underlying principles behind this 
integration via experiments, analytical models and numerical approaches. Furthermore, 
this work aims to open major technological barriers related to PIF in order to advance its 
application in the transportation sector and beyond. To accomplish these aims, several 
research tasks are defined based on the research gaps (Chapter 2) and organized into the 
following chapters: 
Chapter 4: To conduct a holistic experimental investigation, an experimental setup is 
designed and prepared for simultaneous molding and forming operations considering all 
the requirement of both processes. A new concept-to-design tool for the PIF process is 
proposed which allows the independent application of blank holder force (BHF) from the 
preset clamping force on the injection machine. Moreover, a set of instrumentations and 
data acquisition system are employed to capture and monitor both in-mold and machine 
process parameters. Material characterization and sample preparation are undertaken based 
on relevant tests, databases, and standards. 
Chapter 5: Using the aforementioned concept tool, the influence of BHF, injection rate 
and their interaction on the performance of the PIF process and the quality of the final 
hybrid product is experimentally determined. The study then compares this to numerical 
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simulations in order to have a better understanding of the PIF process physics while 
considering the interaction between BHF and injection rate. The inherent complexity of 
multi-physics that characterizes the use of polymer melt pressure in sheet metal 
deformation makes the modeling of this process challenging. Therefore, a quick and 
accurate simulation of the PIF process, based on a new combined analytical-numerical 
approach, is presented to evaluate the performance of the proposed conceptual design and 
elucidate the effect of BHF and injection rate on that design. 
Chapter 6: For the first time, the development of melt flow during the filling/forming 
phase of the PIF process is investigated and compared with the conventional injection 
molding process. Subsequently, this investigation and comparison are extended to online 
process parameters which are acquired with the set of in-mold instrumentations. Finally, 
morphology and crystallinity of cross-section of the samples produced by this process are 
investigated and compared with the sample produced via conventional injection molding 
condition. 
Chapter 7: A new numerical approach to modeling the PIF process is presented in this 
chapter. First, the polymer melt flow in modeled considering the particular flow pattern 
during the coupled filling/forming phase of this process (results of Chapter 6). 
Subsequently, a sheet metal deformation model is reformulated to allow the application of 
nonhydrostatic pressure distribution determined by the melt flow model. After both 
polymer melt and sheet metal domain are discretized, a calculation flowchart is presented 
to ensure proper interaction between polymer melt flow and sheet metal deformation. 
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Chapter 8: To mitigate the practical issues ahead of utilizing this process in actual 
industrial applications (see the end of Chapter 2), the novel idea of integrating Supercritical 
Fluid (Sc.F.) technology with the PIF process is introduced. As the proposed technology is 
a transformative manufacturing innovation, with no available information in the literature 
correlating to this concept, a set of experiments based on different manufacturing 
approaches is designed to investigate the feasibility of this integration. Moreover, the Sc.F. 
assisted technology requires processing at a high injection rate and dealing with the 
compressible and expandable nature of the melt in this process. Hence, in this work, the 
capabilities of Smooth Particle Hydrodynamics (SPH) method are investigated as a 
potential numerical tool to model the PIF process, considering the emerging requirements 
of this integration. 
Chapter 9: Finally, a summary of the discussed results in each chapter along with future 









 4. EXPERIMENTAL CONFIGURATION TO STUDY PIF PROCESS  
The experimental setup required for performing the hybrid process of forming-injection 
molding, along with the necessary instrumentation for measuring the online process 
variables is presented in this chapter. Subsequently, the material characterization for both 
sheet metal blanks and injected polymers is reported. Finally, the sample preparation and 
strain measurement method are explained in detail. 
4.1 Experimental setup 
The layout of the experimental setup used to conduct and monitor the hybrid process 
of forming-injection molding is shown in Figure 4-1. This specialized experimental setup 
is composed of i) an injection molding machine and its accessories, ii) a custom designed 
PIF mold and iii) a set of in-mold instrumentations and a data acquisition system. 
4.1.1 Injection molding machine and accessories 
The main equipment for conducting PIF-process is an injection molding machine. A 
hydro electrical injection machine (Engel VC 200/30) is utilized for this work to prepare 
plastic melt and inject it into the PIF mold as shown in Figure 4-1. One of the important 
accessories of the injection molding machine which plays a vital role in the final quality 
of the injected part is the temperature control unit. A water circulating temperature 






Figure 4-1: Layout of the experimental setup. 
The important technical parameters of the injection machine are listed in Table 4-1. In 
order to explore the integration concept of Sc.F. technology and PIF process (Chapter 8), 
a Sc.F. metering system from Trexel was also considered for this experimental setup. The 
role of this system is to deliver Sc.F. to special injectors based on mass flow metering 
principles. After the Sc.F. is introduced into the barrel, it is mixed with the polymer melt 
using a specially designed screw. Moreover, the injection machine needs to be equipped 
with a shut-off nozzle to prevent premature foaming or the loss of pressure which would 




Table 4-1: Technical data of the injection molding machine (Engel VC 200/30) 
Parameter Unit Value 
Max. clamping force kN 280 
Max. Injection pressure bar 2000 
Injection rate cm3/s 1 – 100 
Max. injection temp. °C 350 
Max. Injection volume cm3 69 
4.1.2 A new concept-to-design tool for the PIF process 
In this work, a concept design has been exclusively introduced for PIF mold. The 
specialized PIF mold consists of two mold halves namely A side (fixed half) and B side 
(movable half). Each half is composed of several sub-assemblies and individual parts 
which are mainly made of tool steel. A standard mold base from HASCO was used for this 
work which was then machined and modified based on the design. The important mold 
components are demonstrated in Figure 4-2. The special functionalities of the proposed 
concept design are described as 
Independent application of BHF from clamping force: In a conventional injection 
molding process, the melt pressure acts against and attempts to separate the two halves of 
the mold, which requires establishing a large enough clamping force to provide proper 
sealing and avoid flashing. The typical range of clamping force in injection molding 
process is 100-500 KN, whereas the typical range of BHF in stamping process is 10-100 
kN. Therefore, in the PIF process, it is not practically possible to apply low BHF by 
reducing preset clamping on the injection machine, a limitation which has limited most PIF 
studies to that of a pure stretch forming process with a fully clamped sheet metal blank.  
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However, as the purpose of part of this study entailed to investigate the effect of BHF and 
draw-in allowance on PIF process, a special functionality has been considered in this 
design to independently apply the BHF from the preset clamping force on the machine. For 
this purpose, a separated bank holder plate with a set of springs and washers is considered 
as shown in Figure 4-2(a). When the movable half of the mold (B side) is in close proximity 
to the fixed half (A side), the sheet metal is gripped between the cavity plate and the blank 
holder plate while the springs are squeezed. The BHF is increased until the cavity plate 
makes contact with the bridges passed through the blank holder plate, thus transferring the 
excess clamping force to the fixed side of the mold. Consequently, the applied BHF is only 
related to the coefficient of the springs and the distance of their compression, which is 
adjusted by varying the height of the bridges and the number of the washers placed behind 
the springs.  
Varying initial thickness of cavity: As the thickness of the polymer melt flow 
significantly influences the melt pressure distribution and consequently the deformation of 
the sheet metal, it is critical to adjust this thickness for proper conducting the PIF process. 
Hence, the proposed PIF mold has been designed in a way that the initial cavity thickness 
(before blank deformation) is adjusted by altering the height of the bridge inserts as shown 
in Figure 4-2(b). Using this design, it is also possible to increase the overall thickness of 
the polymeric layer by opening the mold during the process. This feature will be later used 
in Chapter 8 in order to control the foaming process during the Sc.F. assisted molding. 
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Adjustable cavity bottom: as it is shown in Figure 4-2(b), the bottom of the cavity on the 
B side of the mold has been designed as an insert. This insert is attached to the ejector 
plates which can be moved either by the ejector rod of the injection machine or using an 
additional actuator. Thus, it is possible to adjust the depth of the cavity and perform the 
PIF process with different levels of deformation. Moreover, using this capability, it is 
possible to apply a back pressure on the blank during the deformation in order to increase 
the formability of the sheet metal. Another application of this feature is to retract the bottom 
of the cavity after injection to make pressure drop required for cell nucleation. This 
application will be explained with more details in Chapter 8 as one of the manufacturing 
approaches for integration of PIF and Sc.F. technology. 
4.1.3 In-mold sensors and data acquisition 
As PIF process is an integrated process of sheet metal forming and injection molding, its 
initial parameters are the combination of both processes initial parameters plus the 
parameters related to the interfacial layer of sheet metal and polymer. Hence, a 
comprehensive experimental investigation of this hybrid process is challenging due to too 
many experiments required to study the effect of these initial parameters and their 
interactions. To overcome this issue, it is necessary to study the online process variables 
which are the results of the initial parameters and significantly less in number. The online 
variables are characterized by transient and localized nature and required sophisticated 
instrumentation to be captured and monitored. For this purpose, a set of in-mold sensors 
has been embedded into the PIF mold. The schematic of the PIF mold and detailed view of 




Figure 4-2: Exploded 3d-view of the concept mold design and (b) its longitudinal section cut with 
a magnified view of the initial thickness and adjustable cavity. 
As demonstrated in Figure 4-3, Two pressure and two temperature sensors are 
embedded in the post-gate position (P1, T1) and a position near to end of the cavity (P2, 
T2), to measure the cavity pressure and temperature and their gradients along the flow path. 
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Such a determination of the pressure and its gradient experimentally is necessary to validate 
the proposed melt flow model and determine the pressure loss during the flow path. The 
role of the temperature sensors (T1 and T2) is to monitor the mold temperature and its 
distribution on the cavity wall as they are placed in the cavity at the symmetric position to 
the pressure sensors. The data captured by these sensors are also used to investigate the 
effect of the melt temperature on the process. There is also another pressure sensor at the 
center of the bottom of the cavity (P3) to capture the contact pressure applied from the 
sheet metal during the deformation.  
 
Figure 4-3: schematic of the PIF mold and detailed view of the configuration of the sensors 
The sensors’ signals are then amplified and transferred to a data acquisition unit (type 
5887A11, Kistler) which is responsible for online recording and processing of the sensor 
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signal. In order to check the consistency of the PIF process in each experiment, the injection 
machine parameters of barrel pressure, clamping force, screw position, and mold position 
are integrated to the sensors’ data using the ComoNeo device. At the end of the data flow, 
A PC was placed for the visualization of the captured data and for further data analysis and 
post-processing. 
4.2 Processed Materials 
In this work, two commercial aluminum alloys are used as the blank material. The 
purpose of such a selection is to identify the effect of different materials on the PIF process 
and to validate the proposed modeling approach with diverse material parameters. Hence, 
AA1100-O is selected as a low strength, highly formable material as it is an annealed grade 
with more than 99% aluminum and very few alloying elements. It is commonly used for 
sheet metal forming process, and its impressive finishing characteristics make it uniquely 
suited for decorative purposes. Conversely, AA6061-T6 is chosen as a medium strength 
material with a limited formability. It is a temper grade composed of silicon and 
magnesium as the alloying elements and strengthened by precipitation hardening. The 
superior weldability and corrosion resistant characteristics of AA6061-T6 make it most 
suitable in commonly used general-purpose structural applications [45]. 
A series of tensile tests have been conducted to determine the material characterization of 
these alloys. To maintain the consistency, all the tensile specimens and circular blanks for 
the PIF experiments have been cut from the same sheet metal using a laser cut machine. 
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The true stress-strain curves of these alloys associated to the directions of 0◦, 45◦and 90◦ 
(base on rolling direction) are presented in Figure 4-4. 
 
Figure 4-4: True stress-strain curves associated with the directions of 0°, 45° and 90° and fitted 
curve based on Holloman equation for (a) AA100-O and (b) AA6061-T6 
Using the results of the tensile tests, the main material characteristics and the 
parameters of anisotropy have been determined for these alloys as listed in Table 4-2.  
Table 4-2: Material properties of AA1100-O and AA6061-T6 
Parameters AA1100-O AA6061-T 
Yield Strength (MPa) 41.11 253.16 
Tensile Strength (MPa) 96.21 322.13 
Elongation (%) 44 16 
 (MPa) 164.73 487.86 
 0.2257 0.1275 
	, 	,  0.864 , 0.926 , 0.983 0.642 , 0.611 , 0.715 
F , G , H 0.472 , 0.536 , 0.464 0.547 , 0.609 , 0.391 
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In this work, MFC-021 from Advanced Composites Inc. has been selected as the 
injected material because of its wide application for making automotive components such 
as bumpers, side sill and various components of the dashboard which can be potentially 
designed as a hybrid sheet metal-polymer component and manufactured by the PIF process. 
MFC-021 is an impact-resistance Polypropylene compound composed of rubber and talc 
as the filler. Due to its relatively high melt flow rate (MFR: 29 g/10min) and high thermal 
stability, MFC-021 is an easy to deal material for injection processing. The rheological 
characteristics of the polymer melt are usually represented in the form of a viscosity-shear 
rate relationship. The data available from the MOLDFLOW® database for the MFC-021 
polymer is presented in Figure 4-5.  
 
Figure 4-5: Temperature and shear rate dependent viscosity of the injected polymer (MFC-021) 
Since the power law equation is used for the combined analytical-numerical simulation 
proposed which will be proposed in Chapter 5, the linear regression fitting must be used to 
compute the constants   and  of the Power-Law from the viscosity data. As clearly 
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indicated in Figure 4-5, the viscosity does not exhibit a linear trend over the entire curve, 
thus emphasizing the inaccuracy of determining a single set of constants for each curve. 
Hence, as illustrated in Figure 4-5, it is important to limit the regression to the range of the 
shear rate and melt temperature considered in this study. The calculated set of Power-Law 
constants and the process recommended settings of the MFC-021 polymer are listed in 
Table 4-3. 
Table 4-3: Characteristics and recommended process settings of the polymer (MFC-021). 
 or flow 
consistency 
index (Pa-sa) 















1055.7 0.64 0.8052 0.9513 0.5 185-226 
As the Cross-WLF model has been employed in Chapter 7 to represent the rheological 
characteristics of the polymer, all the coefficients of this model are listed in Table 4-4. 
These material parameters have been obtained from MODLFLOW® database associated 
with MFC-021 except the zero-shear viscosity ( ) which is calculated by Eq. (4-1).  
exp	
∗
∗   (4-1) 
Table 4-4: Constants of Cross-WLF model of the processed polymer (MFC-021). 
, shear 
thinning index 
 ∗, critical 
stress (Pa) 
(Pa-s) 
∗, glass transition 
temp. (K) 
 (K) 
0.3807 21313.6 2.8743×1013 263.15 30.707 51.6 
4.3. Specimens preparation and measurement 
To maintain consistency between the tensile test and actual test results, all the tensile 
specimens have been cut from the same sheet which the circular blank samples are cut. For 
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this purpose, a 2d-pattern has been drawn and transferred into the laser cut machine to 
extract a maximum number of circular blanks along with tensile specimens in all three 
common directions, 0°, 45°, and 90°, regarded to the rolling direction (see Figure 4-6(a)). 
The occurrence of the deformation of the sheet metal within the mold cavity prevents 
the use of online optical methods such as Digital Image Correlation (DIC) to measure its 
strains. As such the grid marking method is instead used to measure the principle stains 
and its distribution on the sheet blank. Unlike conventional non-contact optical measuring, 
grid marking is commonly used in the strain analysis of sheet metal forming processes [46]. 
This relatively simple and effective method entails first printing a precise grid pattern on 
the surface of a sheet metal blank prior to subjection to the deformation. There are several 
methods for marking patterns on sheet specimens which differ from each other in terms of 
a pattern’s accuracy, resolution, and contrast, durability, quality and cost [47]. Here, the 
highly accurate electrochemical method was used to mark the pattern and thus preserve the 
forming condition. This configuration, as shown in Figure 4-6(b) consists of an AC/DC 
power unit, an electrode wheel, a felt pad and a conductive plate for placing the sheet blank. 
First, the felt pad is saturated with the proper etching solution which is selected based upon 
the sheet metal material. Next, the stencil that contains the pattern is placed on the sheet 
metal blank and covered with the saturated felt pad. By reciprocating and pressing the 
electrode wheel, the etching solution passes from the stencil patterns stencil to the surface 
of the sheet. Thus, patterns of different geometrical shapes are etched on the sheet blank 
rapidly and accurately [48]. 
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Although many grid patterns (e.g. square lines, circular dots and separated or overlapping 
circles) are available, an array of contacting circles 2 mm in diameter was etched on the 
circular blank (see Figure 4-6(c)) to determine the principal strains as well as their direction 
[49]. 
 
Figure 4-6: Sample preparation and measurement procedure 
After the sheet metal is deformed within the PIF process, its circular pattern is also 
deformed into an ellipse except where under conditions of pure bi-axial stretching. The 
direction of the strains is indicated by the major and minor axes of the ellipse and their 
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values, the dimensions of which are measured a digital microscope (Dino-Lite Edge) as it 





 5. INVESTIGATION ON THE EFFECT OF BLANK HOLDER FORCE 
AND ITS INTERACTION WITH INJECTION RATE 
 
In this chapter, the two important parameters of BHF and injection rate, and their 
interaction are studied by the use of the concept tool design detailed in Chapter 4. 
Subsequent to the use of this new tool design, the quality of the final hybrid part is 
investigated by studying the weight of the injected part, and thickness distribution and other 
geometrical characterization of the deformed sheet metal along with detection of wrinkling 
and flashing issue. Moreover, to have a better understanding on the effect of this 
interaction, a quick and accurate simulation of the PIF process considering the mutual 
interaction of melt flow and sheet deformation is presented based on a new combined 
analytical-numerical approach. 
5.1 Design of experiments 
The injection rate greatly affects the pressure distribution and consequent deformation 
due to the change in viscosity and premature solidification [38]. Hence, in this work, the 
effect of BHF in PIF process conditions and sheet metal deformation was next investigated 
in an interaction with different injection rates. The design of experiments and the levels of 





Table 5-1: Variable parameters and design of experiment 
Experiment # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
BHF (KN) 2 2 2 4 4 4 6 6 6 8 8 8 10 10 10 
Inj. rate (cm3/s) 50 10 2 50 10 2 50 10 2 50 10 2 50 10 2 
A summary of the fixed process parameters is provided in  
Table 5-2, with all parameters listed as identical for all the experiments, unless 
otherwise noted. 















60 cm3 200 °C 35 °C 100 kN 60 s 99 % volume 
filled 
1.5 mm 
Both the sheet metal blank and final hybrid part are weighed before and after the 
completion of each experiment to record the weight of the injected part. A water jet 
machine is then used to cut all samples, which are then scanned to determine the deform 
geometry, the corner radius and the thickness distribution of the sheet metal. In this study, 
the replication of the experiments has been limited to the plasticizing stage and the rest of 
the experimental procedure and measurements have been cunducted with no replications. 
5.2 Analytical-numerical modeling approach 
The thermo-mechanical interaction between polymer melt flow and sheet metal 
deformation is the primary characteristic of importance in the PIF modeling process. Thus, 
this process has been recognized as a multi-field/multi-physics problem and mostly studied 
through complex, nonlinear Fluid-Structure Interaction (FSI) simulations. However, even 
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with advances in computing technologies and numerical algorithms, the modeling of FSI 
problems is an extremely time-consuming endeavor with deficiencies in non-convergence 
from mesh penetration and mesh distortion viewpoint [40]. Therefore,  the omission of the 
mutual interaction [28, 30] or a simplification of the melt flow region is often used to model 
the PIF process [34, 38].  
Recently, Farahani, et al. [42] also presented a general methodology to model the free 
deformation of sheet metal under nonhydrostatic pressure such as polymer melt pressure. 
Although they did develop a quick analytical solution for the PIF process considering the 
mutual interaction of sheet metal and polymer, the concept was inadequate for modeling 
the drawing of the sheet metal. Given that this drawing is the objective of the exercise 
detailed in this paper, a simple yet accurate simulation of the PIF process is described here 
to model the BHF and draw-in allowance and the mutual interaction of polymer melt flow 
and sheet metal deformation. However, this interaction can theoretically be considered in 
both thermal and mechanical conditions, initial experiments indicated that the temperature 
of the sheet metal has not significantly been elevated due to a solidified layer of polymer 
on the sheet metal surface. Clearly, the thermal condition of polymer melt practically fails 
to affect the deformation of sheet metal due to thermal softening phenomena. Based on this 
research, only the mechanical interaction of the melt flow and sheet metal is considered 
here, with the effect of the thermal condition limited to the melt flow region. Moreover, it 
is difficult to model the polymer with a low stiffness matrix material using commercial FE 
codes such as Abaqus which are originally designed for the structural analysis. Particularly, 
a great distortion of the mesh occurs when the polymer is subjected to a high strain rate 
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deformation, for instance at the location of the injection gate. Therefore, an analytical 
approach that can determine the pressure distributions within the blank and that considers 
the viscous and temperature-dependent behavior of the polymer melt is used here to model 
the polymer melt flow. The derived relations are then transferred to the Abaqus FE 
simulation model to analyze the interaction of the sheet metal deformation with the 
polymer melt flow and applied BHF. 
5.3 Melt flow model 
A disc-shape geometry is considered for the initial space inside the cavity to model the 
melt flow while coupled with the sheet metal forming, as shown in Figure 5-1(a). It is 
possible to omit the variation through angular direction due to the axisymmetric conditions 
of the problem, which thus permits the use of the two-dimensional equations of continuity 
and motion to describe the melt flow as Eqs. (5-1) and  (5-2). Here  is the axis that passes 





Figure 5-1: (a) Schematic view of the radial melt flow. (b) Magnified view of the melt flow 







The power law equation was next used to model the viscosity and the shear thinning 
behavior of the polymer melt, which is required to study the effect of the injection rate. 
This model is expressed in Eq. (5-3), where  is the flow consistency index and  is the 





It is impossible to determine an exact analytical solution for the polymer melt flow 
problem considering the non-isothermal conditions in that it is impossible to separate the 
pressure and velocity components in the equation of the motion (Eq.  (5-2)). Thus, in this 
work, an empirical-based approach was used to simplify the effect of temperature variation 
during the injection process [50]. Here, a solidified layer is assumed as created when the 
hot polymer makes contact with the cavity that is at a lower temperature. This means that 
the melt flows in a region with a lower thickness ( ) than the original thickness of the 
cavity ( ). In the conventional injection molding process [50], the thickness of the 
solidified layer ( ) is a function of the filling time , the mold temperature ( , the 
melt temperature ( ), the glass transition temperature ( ), and the thermal diffusivity of 
the polymer melt ( ), as denoted in Eq. (5-4) and Eq. (5-5) 
 
/  (5-4) 
2 /  (5-5) 
In the PIF process, however, the thickness of this solidified layer is neither identical on 
the cavity wall side ( ) nor the sheet metal blank ( ) given that the material and initial 
temperature of the mold and sheet metal are different (see Figure 5-1b). Moreover, the 
aforementioned empirical relations have not been developed for the combination of the 
materials used in this work. As a result, a set of MoldFlow simulations as described in 
section 3.2 are used to calculate the relationship between the thickness of this solidified 
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layer and injection time based on the conditions of this study. Thus, the effective thickness 
of the cavity ( ) can be calculated in any instance of the filling from Eq. (5-6). 
 (5-6) 
It is possible to compensate for the effect of the non-isothermal condition by 
considering the effective cavity thickness and by combining and solving Eqs. (5-1)-(5-3), 
assuming an isothermal condition and generalized Newtonian fluid relations between the 
stress and the velocity field [50] [51]. These criteria are then used to inform the pressure 





	  (5-7) 
	is the injection rate and   is the melt pressure at the center of the gate ( 0) which 
is entered later in the simulation as an input parameter that specifies the sheet metal 
deformation progress. It is possible to measure and experimentally evaluate this value using 
either i) an embedded sensor close to the gate or ii) through the acquisition of the injection 
pressure considering pressure loss while the melt passes through the sprue. 
5.4 Modeling of the solidified layer 
A set of relationships is next developed for the thickness of the solidified layer created 
on the cavity wall surface ( ) and sheet metal blank ( ) as regards to the process time. 
The Autodesk MoldFlow Insight® program was used to simulate the filling, packing and 
cooling stages of the injection process. For both the sheet metal and injected polymer, a 
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3D-model was prepared based upon the mold geometry and the dimensions. The polymeric 
part is defined as the injected component and the deformed sheet metal 3D-model is added 
to the simulation as a metallic part insert with a generic aluminum alloy as its material. The 
isometric and side views of the meshed models with 3D tetra elements, and their overall 
dimensions are shown in Figure 5-2 
 
Figure 5-2: An illustration of the MoldFlow model and the overall dimensions 
The parameters and process settings used in this simulation are listed in Table 5-3, all 
of which are identical to the experimental conditions except the injection rate which 
established at the midrange of that injection rate variation in this study (10 cm3/s). 














re switch at 
10 cm3/s 200 °C 35°C 25°C 30 s Flow rate 




The frozen layer percentage is a primary result obtained from this simulation is, which 
is generated from a cool analysis using the 3D mesh element that demonstrates the 
percentage of polymer solidified at a specific time.  One such illustration of this result at 
the end-of-process time (30 s) is shown in Figure 5-3(a). After generating this result for 
each time step and measuring the solidified layer thickness on both sides of the cavity wall 
and sheet metal, a curve is then established upon the result to determine a relationship for 
each curve.  
 
Figure 5-3: (a) an illustration of the percentage of the frozen layer at the end of cycle time, (b) 
thickness of solidified (frozen) layers at different time steps and fitted curves. 
 
0.2571 .  (5-8) 
0.34091 .  
 (5-9) 
0.2571 . 0.34091 .  (5-10) 
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Both Eqs. (5-8) and (5-9) are the best-fitted equations (with R-square value more than 
0.99) for the results of the simulation shown in Figure 5-3(b), which denote the relationship 
of the thickness of the solidified layers on the side of the sheet metal and cavity wall 
respectively. By substituting these equations into the Eq. (5-6), it is possible to use Eq. 
(5-10) to calculate the effective thickness of the polymer melt flow regarding the process 
time. 
5.5 Numerical simulation scheme 
Here the Abaqus software is used to simulate the PIF process for purposes of studying 
the interaction of both the BHF and injection rate. Since the geometry and the loading 
condition were axisymmetric in this problem, an axisymmetric FE model, as shown in 
Figure 5-4, is built to reduce the computational cost. This model consists of a deformable 
part as the sheet metal blank that is meshed with the CAX4R element type (4-node bilinear 
axisymmetric quadrilateral, reduced integration, hourglass control element) and two 
analytical rigid bodies as the blank holder and die. To ensure consistency between the 
simulation and experiments, all of the dimensions of the parts are similarly defined as in 
the experimental configuration. The material properties for the aluminum blank are next 
determined from a tensile test as presented in Chapter 4. All the interactions are considered 
as a surface-to-surface contact with a constant friction coefficient. Given the challenge in 
modeling the friction during the sheet metal forming which prevents a close quantification 
of that friction [52, 53], in this work, a single friction coefficient in the simulation is 
adjusted until a close match between the analysis and one of the experiments is acquired 




Figure 5-4: The Axisymmetric Abaqus assembly model with a schematic demonstration of 
pressure distribution 
As shown in Figure 5-5, the three-step methodology used in the simulation of the PIF 
process begins with a simple consideration of the boundary condition and interaction 
properties on the model as described earlier. The specified BHF is next applied to the 
clamped area of the sheet metal through the reference point of the rigid blank holder part. 
The final step entails an investigation of the forming process of the blank under the pressure 
field governed by the melt flow model. Here, a user-defined subroutine, DLOAD [54], is 
implemented in the Abaqus software. The role of DLOAD in this simulation entails 
incrementing the pressure at the center ( ), and calculating the pressure distribution using 
the current coordinates of each integration point and Eq. (5-7). Prior to the completion of 
each increment and increasing , the total injected volume is calculated based on the 
volume under the deformed region. The analysis is continued until this calculated volume 
is less than the target injection volume (60 cm3 in this problem), which is otherwise 
terminated using the XIT utility routine. Finally, the job results are imported into another 
analysis as a predefined field to allow the occurrence of the metal springback by removing 




Figure 5-5: Flowchart of analytical-numerical simulation 
5.3 Results, validation and, discussion 
The main objective of this research entailed an analysis of the interaction of the blank 
holder force and injection rate on the performance of the polymer injection forming (PIF) 
process. The process parameters from Table 5-1 and Table 5-2 are introduced in both 
numerical and experimental analysis to compare the pressure and the injected polymer 
weight and the final geometry, and the thickness variation and draw-in value of the 
deformed sheet metal.  
The array of deformed samples with corresponding injected parts under different BHFs 
and injection rates is shown in Figure 5-6. Here, the sheet metal blank is clearly more likely 
to wrinkle during the PIF process through a decrease in the BHF and an elevation of the 
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injection rate. The wrinkling terminates the sealing condition on the parting line of the 
cavity which results in a flashing out of the polymer melt (see Figure 5-6 (a) samples 1,2 
and 4). This flashed polymer subsequently separates the blank holder plate from the sheet 
metal to a greater degree, which increases the severity of the wrinkling and flashing, as 
shown in Sample 1. Although the lowest BHF (2 kN) and the highest injection rate (50 
cm3/s) undergoes the maximum wrinkle and flash of polymer melt (see Figure 5-6(b)), it 
is possible to nearly halt this flashing by setting the injection rate to the lower values as 
observed in samples 3, 5 and 6. A slower rate of injection of the polymer melt ensures a 
greater level of thickening of the initial solidified layer over the cavity perimeter, which 
ensures a greater degree of sealing at the parting line. Also note the complete suppression 
of the wrinkling that initiates the flash of the polymer, which is accomplished by 
establishing the BHF setting at 6 kN or higher (see Figure 5-6(b)). Hence, even in the 
highest injection rate (50 cm3/s), no sign of flashing is observed on the injected parts (see 




Figure 5-6: Array of the produced sample with different BH forces and injection rates. 
The weight of the injected part is an important quality attribute given its close 
relationship to the dimensional characteristics of the part and the process stability. The 
weight variation of the injected polymeric part for each experiment is detailed in Figure 
5-7. Variations in the plasticizing stage, the preset cushion values on the injection machine, 
and the injection and cooling conditions are the causatives behind the weight variation in 
the injection molding process [55]. All of the other process variables remain identical here 
except for the injection rate. Thus, the weight variations here are mostly derived from the 
variations in the injection rate except for the noticeable increase in the weight of the 
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polymeric part with the highest injection rate (50 cm3/s) and lowest BHF (2 kN) due to 
severe flashing. The elimination of the incident of flash thus reduced the excess weight 
after placing the higher BHF settings. No noticeable trend was observed on the weight of 
polymeric part regarding the BHF when lower rates of injection (10 & 2 cm3/s) are set for 
the PIF process given the limitations of the measured weight discrepancy within the 
accuracy of the injection machine (±1 %). 
 
Figure 5-7: Weight of injected polymeric part regarded to BHF in different injection rates. 
The graph of the maximum pressure at the position of post gate (P1) vs. the BHF is 
shown in Figure 5-8 regarded to the three distinct injection rates. It is observed that there 
is a direct relationship between the final injected part weight and the peak cavity pressure 
as with the regular injection molding process [56]. In the experiments with a high BHF 
setting, the pressure increase caused by the high injection rate setting results in a greater 
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packing of the polymer melt and higher degree of sheet metal deformation which leads to 
an increase in the weight of the finished part. At the lower BHF level, however, the flashing 
results in a drop of the pressure, but with an increase in the weight of the part.  
 
Figure 5-8: Maximum pressure at post gate location (P1) regarded BHF at different 
injection rates. 
The thickness distribution or the thickness variation is a most important result used to 
inform the analysis of sheet metal deformation, in that it indicates the probable locations 
of localized deformation and resultant rupture [57]. Hence, the result of the thickness 
distribution for each experiment is compared with the corresponding simulation results in 
an individual graph, as shown in Figure 5-9 and Figure 5-10. The approximate locations of 
the points in which the thickness of the deformed sheet is measured are shown in Figure 
5-9(a). This proposed simulation approach does not consider the flashing and the 
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consequent pressure drop within the cavity, however, as reflected by the noticeable 
discrepancy between the experimental and numerical results in samples 1 and 4 (see Figure 
5-9(b) and (e)). Excepting these two samples, a reasonable agreement is evident between 
the simulated results and experiments in that 87% of the deviations of the results are within 
±5%. In almost all graphs, two local minimums are clearly indicated in points t3 and t6. 
However, the occurrence of the rupture is more likely in point 6 as the thickness reduces 
more sharply at this point than in point 3. In other similar experiments undertaken by the 
authors, this prediction was validated by injecting more polymer and progressing the 




Figure 5-9: (a) approximate positions in which deformed sheet thickness measured, (b) to (h) the 





Figure 5-10: (a) to (h) the distributions of the samples 8 to 15 compared with the corresponding 
simulation results. 
The results in Figure 5-9 and Figure 5-10 show the influence of both injection rate and 
BHF on the quality of the deformed sheet metal which is in contrast with the literature [33, 
37] where they mentioned the insignificance effect of injection rate in the PIF process. It 
is because they could not investigate the PIF process in a lower range of BHF and draw-in 
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condition due to the limitation of their PIF mold. Specifically, the increase in local thinning 
and the overall non-uniformity of the thickness distribution are aggravated with a 
corresponding increase in both the BHF and the injection rate. Hence, an ideal condition 
in the PIF process requires restricting both the BHF and injection rate to the lowest possible 
level in order to prevent wrinkling and maintain the production rate and part quality. 
 
Figure 5-11: Ruptured sample from (a) side view and (b) cut view. 
The minimum thickness and the radius of the fillet for each deformed sample are 
compared with the simulated results in Figure 5-12(a) and (b) respectively, since the 
minimum thickness that indicates the quality of the deformed part must be analyzed in 
comparison with the fillet radius representing the deformation progress. As shown in 
Figure 5-12, regardless of the experiments in which the flashing occurred the increase of 
the BHF increases the thinning level to approximately 10% in both experimental and 
numerical results. It does not however noticeably influence the progress of the deformation, 
particularly in the lower injection rates (2 and 10 cm3/s). However, an increase in injection 
rate affects both the minimum thickness and corner radius of corner similarly in that 
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increases the pressure within the cavity (see Figure 5-8). On the other words, the reduction 
of the minimum thickness caused by a higher injection rate is mostly due to more 
deformation applied to the sheet metal rather than non-uniform thickness reduction. 
 
Figure 5-12: Comparative results of (a) minimum thickness (b) radius of the fillet. 
A 3D-optical scanning system was used to measure the final shape of the deformed 
samples and create a scan file for each sample. The coordinates of the nodes exported from 
the Abaqus model was then used to prepare the simulated geometry.  Finally, Geomagic 
Qualify software was used to compare the scanned file and the simulated cad file under the 
best-fit algorithm, as demonstrated in Figure 5-13 for all experiments except 1, 2 and 4 for 
the sake of briefness. The obvious geometrical discrepancy in these experiments (1, 2 and 
4) is from severe flashing and the resulting immature deformation which cannot be 
captured by the proposed simulation model. The observed deviation error remains within -
0.53 mm to 0.37mm, clearly indicating good agreement between the experiment and the 
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simulation results. Although the stress relaxation and deformation occurring during the 
cutting process is expected to yield geometrical differences in the flat surfaces (e.g. the 
clamped area and the cavity bottom), the deviation in the corners was from the different 
levels of progressive deformation from the errors in the PIF process simulation (i.e. the 




Figure 5-13: The deviation of the scanned files obtained experimentally from the simulated 
geometry of the deformed blank for (a) experiment 3 and (b-l) experiments 5 to 15. 
The draw-in value, which is basically the half of the difference of the blank diameter 




Figure 5-14: The measured draw-in value vs BHF at different injection rate and their comparison 
with the corresponding simulation results 
In addition to the close agreement between the experimental results with that of the 
simulations and the reduction of the draw-in value with the increase of the BHF, the 
flashing occurrence does not significantly influence the amount of the draw-in. Indeed, the 
occurrence of the draw-in was in the earlier stage than the occurrence of wrinkling and the 
subsequent polymer flash. This conclusion is validated with a comparison of the variation 
of the draw-in value during the process in comparison with the pressure profiles captured 





Figure 5-15: Superimposition of the draw-in value determined from simulation on the pressure 
profile captured by sensors P1 and P3 for (a) BHF=2 KN, Injection rate=50 cm3/s and (b) 
BHF=10 KN, Injection rate=2 cm3/s 
The simulation is used to determine the graph of the draw-in value versus the process 
time which is then superimposed with the pressure profiles captured by the sensors located 
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at positions P1 and P2 as shown in Figure 5-15. For brevity, this comparison is for only 
Experiment 1 (Figure 5-15 (a)), which is an example of severe flashing, and experiment 15 
(Figure 5-15 (b)), which is an example of the no possibility of wrinkling and flashing due 
to the highest BHF and the lowest injection rate setting used in this experiment. Note, a 
similar trend can be observed in the other experiments as well. The role of the P1 sensor in 
this superposition is that of demonstrating the beginning and the end of the deformation as 
embedded at the post gate location for purposes of capturing the polymer pressure 
immediately upon entrance to the cavity. The sensor P3 is embedded at the bottom of the 
cavity, at the precise center and in front of the gate location, to thus precisely capture the 
moment in which the deformed sheet metal makes contact with the cavity bottom, as 
indicated in the graphs as the end of the free forming stage. By synchronizing and drawing 
P1, P2 and the draw-in value regarding the processing time in the same graph, it is possible 
to elucidate the evolution of the draw-in value through the four stages of the process: initial 
filling, filling/free forming, filling/cup forming and cooling/solidification. This 
superimposition reveals the drawing of the sheet metal into the cavity mostly happens 
during the early deformation stage (i.e. free forming) whereas the wrinkling and flashing 
occur when the sheet metal makes contact with the cavity walls and subsequently, a higher 
pressure is required to create the cavity shape. Moreover, this fact indicates the importance 
of providing special features on either the PIF tooling system or injection molding machine 
to control the BHF during the injection stage. The reduction of the BHF at the initial stage 
will thus make the thickness reduction more uniform and an increase in BHF after the end 




Application of BHF independently from the preset clamping force on the injection 
machine was realized by the new design concept of PIF mold. Using this specialized mold, 
the interaction of the two important parameters viz. BHF and injection rate parameters was 
studied experimentally. Moreover, a novel combine analytical-numerical approach was 
presented to model the PIF process considering the most important thermal and mechanical 
aspects of that process. A greater understanding of the effect of this interaction in the 
process performance and quality of the final part was the result. The simulation scheme 
proposed here was successfully employed for the finite element analysis of the sheet metal 
deformation under the same conditions of the PIF experiments. The following findings 
were derived from this study. 
1) Both the wrinkles and the resultant polymer flash appeared at BHF of 2 kN and 4 kN, 
the incidence of which was eliminated by reducing the injection rate to the 2 cm3/s for 
BHF of 2 kN and 10 cm3/s for BHF of 4 kN respectively. 
2) Although setting the process to the high injection rate of 50 cm3/s caused a significant 
increase in the weight of the injected polymer, no noticeable change was observed by 
varying the BHF. Furthermore, a direct correlation between the weight variation of the 
injected part and the maximum pressure near the gate was apparent in that an identical 
trend was observed in both results.  
3) Regardless of the discrepancy in the samples 1 and 4 caused by the incidence of severe 
flashing, the comparison of the measured thickness distribution was in close agreement 
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with the corresponding simulated result, with 87% of the deviations within ±5%. These 
results indicate the importance of adjusting both the BHF and injection rate to ensure a 
uniform thickness and a lower level of local thinning in the sheet metal deformed via 
the PIF process, while also preventing the wrinkles and maintaining the production rate 
and the quality of the injected part. 
4) In contrast to the increase of BHF which makes more non-uniformity in the thickness 
distribution, the thickness reduction from the elevated injection rate was the result of 
the evolution of the deformation. 
5) Superimposition of the draw-in value and the pressure profiles captured by sensors 1 
and 2 revealed the drawing of the sheet metal into the cavity mostly happens during the 
initial stages of the PIF process whereas wrinkling and flashing occurred afterward. 
Hence, the application of a controllable BHF in this process can significantly improve 
the PIF performance process to ensure high injection rates, a reduction of the local 





 6. INVESTIGATION OF POLYMER MELT BEHAVIOR 
DURING PIF PROCESS 
 
In this chapter, the PIF process is compared with the regular injection molding process. 
First, the online process parameters of this hybrid process are investigated and compared 
with regular injection molding. Then this investigation and comparison are extended to the 
melt flow pattern, morphology, and crystallinity of cross-section of the samples produced 
by this process and the sample produced via regular injection molding condition. 
6.1 Materials and design of experiments 
A commercial aluminum alloy AA6061-T6 sheet (1 mm thick) that was laser cut to 
circular blanks (with diameters of 140 mm) was selected as the material for the sheet blank. 
The main characteristics of this alloy are detailed in Chapter 4. The first polymer selected 
for this work is MFC-021 (explained in Chapter 4) and the other polymer(s) that was also 
investigated in this work is a blend of the PMMA and PLA at 40% and 60%, respectively. 
These two polymers are immiscible but can be processed via injection molding machine 
under similar condition. Our previous study suggested that PLA and PMMA blended in the 
ratio of 60:40 (wt./wt.) led to the most conspicuous lamellar phase structure after PMMA 
phase was etched by acetone (data not shown in this work). Hence, it is expected the 
separated phase on the cryogenic fractured cross-section could be visible and used to 
indicate the flow pattern of the polymer melt. 
To compare the hybrid process of forming-injection molding with the regular injection 
molding process, two sets of experiments were conducted for each material and process 
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settings. In the first set, a flat sheet metal (undeformed blank) is inserted into the mold then 
followed by the injection of the polymer and deformation of the sheet metal. After cooling, 
the polymeric part and deformed sheet metal are ejected out as two distinct parts since no 
bonding agents were used. As the shot volume of the injected polymer determines the 
progress of the sheet deformation and development of the melt flow, a series of experiments 
with different shot volume is conducted for the first set as listed in Table 6-1. For the second 
set of the experiments, the deformed sheet metal obtained from the last experiment of the 
first set (with 40 cm3 shot volume) is placed into the mold, followed by the injection of the 
polymer melt (with the same shot volumes of the first set) into the free space cavity created 
by the deformed sheet metal part. Therefore, at the end of the experiments, there are two 
polymeric parts with the exact same geometry that one of them is produced via regular 
injection molding condition, but the other one is manufactured through a hybrid forming-
injection molding process. 
Table 6-1. Design of experiments. 
Injected polymer: Polypropylene (MFC-021) 
hybrid forming-injection Regular injection 
Exp. # Shot vol. (cm3) Exp. # Shot vol. (cm3) 
1 25 2 25 
3 30 4 30 
5 35 6 35 
7 40 8 40 
Injected polymer: PMMA+PLA 
hybrid forming-injection Regular injection 
Exp. # Shot vol. (cm3) Exp. # Shot vol. (cm3) 
9 40 10 40 
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A summary of the important process settings which remain identical for all experiments 
is listed in Table 6-2.  
Table 6-2. A summary of fixed process parameters. 










5 cm3/s 150 kN 220 °C 35-40 °C 150 bar No 
In this study, the replication of the experiments has been limited to the plasticizing stage 
and the rest of the experimental procedure and measurements have been cunducted with no 
replications. 
6.2 Results and Discussion 
An array of the actual samples and the schematic demonstration of flow field for 
Experiments 1 to 8 are presented in Figure 6-1. As shown in this figure, the final geometry 
of the polymeric part in both cases (Experiments 7 and 8) is the same, but the intermediate 
samples (experiments 1 to 6) are totally different, which shows the difference between 
these two processes in terms of flow development. In the regular injection molding process, 
the melt flow develops through the radial direction, whereas in the coupled forming/filling 
phase of the hybrid process, melt flow follows sheet deformation. Thus, neglecting the 
axial component of the velocity field – a common assumption in modeling regular injection 





Figure 6-1: comparison of actual sample and schematic flow field during (a) the filling phase of 
the regular injection molding process, and (b) the filling/forming phase of a hybrid forming-
injection molding process. 
As the melt flow dictates the distribution of pressure, temperature, morphology, and 
crystallinity [59], in the following part of this paper, the results for both hybrid and regular 
injection molding processes have been reported and compared with each other.  
In Figure 6-2, cavity pressure captured by the sensor located at the postgate position 
(P1) is presented for both regular and hybrid injection molding processes. This comparison 
demonstrates that the maximum pressure in the hybrid process is significantly higher when 
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compared to regular injection molding. This higher level of pressure in the hybrid process 
is clearly related to the deformation of sheet metal and depends on its strength. Moreover, 
the pressure rise occurs earlier in the hybrid process (compared to the regular process) as 
there is no free space for the melt to flow freely. Hence, the pressure rises to deform the 
sheet metal and make new space for the melt to flow. This higher level of pressure also 
ensures good packing during the filling stage of molding. Thus, in the case of deforming 
high-strength sheet metals, eliminating the packing phase of regular injection molding does 
not influence the quality of the final polymeric part significantly. 
 
Figure 6-2: Comparison of cavity pressure at the postgate location (P1). 
The pressure gradient of melt flow along the radial direction can be calculated by 
subtracting the pressure at the end of flow (P2) from the pressure at postgate (P1). As 
shown in Figure 6-3, there is a noticeable pressure gradient during the injection phase of 
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the hybrid process, whereas in regular injection molding, the pressure gradient just occurs 
at the end of the injection and is gradually eliminated during the cooling phase due to 
solidification. This pressure gradient can be especially important when it comes to the 
filling of tiny cavities at the end of the flow path. As a result, the diameter of the sample 
produced by the hybrid process is slightly (1.8 mm) smaller than the diameter of the part 
processed in regular injection molding condition. In case of the shallow deformation, 
pressure loss along the flow path is also added to this pressure gradient, resulting in non-
uniform deformation of the sheet metal and possibly, short shot in the polymer region. 
 
Figure 6-3: Gradient of the pressure in the radial direction. 
Temperature variation as captured by the temperature sensor mounted at the postgate 
location is presented in Figure 6-4. This figure shows an increase in sensor temperature 
due to its contact with the injected melt. This temperature is not the same as the melt 
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temperature because a thin layer of solidified polymer covers the tip of the sensor and plays 
as an insulator against heat transfer. Although temperature sensors cannot directly 
demonstrate the temperature of the polymer melt, they can be used to determine the cavity 
wall temperature hence evaluating the cooling condition of the mold. As shown in Figure 
6-4, in the hybrid process, the polymer melt reaches the sensor faster than in case of regular 
injection molding. Moreover, although the initial temperature of the sensor in both cases is 
almost the same, sensor temperature rises to a much higher level in case of the hybrid 
process. This increase can be correlated to higher contact pressure (see Figure 6-2) and the 
fact that there is no air in the hybrid process that can get trapped between the melt and 
cavity wall which plays the role of an insulator and resists any heat transfer. 
 
Figure 6-4: Comparison of the temperature captured by the sensor at the postgate location (T1). 
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Temperature gradient measured by the two sensors mounted along the flow path is 
shown in Figure 6-5. As can be seen, the melt reaches both the sensors much earlier (or 
faster) in the hybrid process when compared to regular processing condition. Furthermore, 
although the maximum temperature gradient is higher in the hybrid process its duration is 
shorter which shows better cooling condition in the hybrid process compared to the 
conventional injection molding process. The reasons behind this fact are the higher contact 
pressure between the polymer melt and cavity wall and less chance of air being trapped 
between them in the hybrid process. 
 
Figure 6-5: Gradient of the temperature captured by T1 and T2. 
The effect of filling/forming phase of the hybrid process on the morphology of the 
cross-section was investigated and compared with that for the regular injection molding 
process by using SEM. To make the melt flow pattern visible, an immiscible PLA/PMMA 
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polymer blend system was injected, and the separated phase of the two polymers was 
observed under SEM. Figure 6-6(a) and (d) are overviews that were prepared by combining 
multiple SEM images. With the aid of white dash lines in the magnified photos (Figure 
6-6(b), (c), (e) and (f)), the laminated structure of this material combination clearly 
indicates the flow pattern in the hybrid process and melt flow front in the conventional 
injection process. This result is in good agreement with the schematic flow field shown in 
Figure 6-1 as it is showing that the melt flow in the hybrid process follows the blank 
deformation whereas, in the conventional injection process, the melt flow front develops 
in the radial direction. 
 
Figure 6-6: SEM images of cross-section of polymeric samples produced by the hybrid injection 
molding process (left column) and the conventional injection molding process (right column). 
Scale bars are 2 mm. 
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Crystallization of the injected polymer parts was influenced by both shear flow and 
temperature gradient [60]. Hence, the degree of crystallinity was investigated over several 
points of the cross-section of both the samples produced in Experiments 7 and 8. This 
result, along with the SEM images of cross-section of the samples, is reported in Figure 
6-7. Crystallization can be characterized by the degree of crystallinity ( ), calculated by 
% ∆ /∆ 100, where ∆  is the melting enthalpy and ∆ =207.15 J/g [61] 
is the ∆  of 100% PP crystalline. Low cooling rate facilitates the folding and re-
arrangement of polymer segments, resulting in a high degree of crystallization. On the other 
hand, intense shear stress induces polymer orientation, leading to a high degree of 
crystallization as well. As a result, the core of the injected parts usually exhibits higher  
due to the combined effects of low cooling rate, which is observed in both samples as 
shown in Figure 6-7. On a comparation of   in a series of selected locations (see Figure 
6-7; points 1, 2, and 3 located at the bulb-shape surface of the samples) between PIF and 
conventional injection molding processes, the polymeric part processed by PIF has a higher 
degree of crystallinity in the surface regions when compared to the same locations of the 
samples processed by the conventional injection molding. Given that the cooling condition 
for both samples was identical due to the same material with the same thermal conductivity, 
temperature gradient should not be considered a primary factor for causing the 
aforementioned differences in  between the two processes. As such, the difference in  
between the PIF part and injection molded part might reflect the distinct shear stress 
distribution during melt injection. Owing to the synchronized deforming of the metal sheet 
in PIF, shear stress experienced by the polymer melt approaching the metal interface is 
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relatively higher than that near the stationary mold surface in conventional injection 
molding, leading to higher  in the skin region of the PIF sample. The assumption of 
stress-induced  crystallization is also in good agreement with the aforementioned 
observation of the flow pattern (Figure 6-6). 
 
Figure 6-7: SEM images of cross-section of injected samples by filling and forming (left column) 
and filling only (right column) with degree of crystallinity data on typical positions. (a) and (d) 
are overviews by combining multiple SEM images. Scale bars are 2 mm 
6.3 Summary 
Using this specialized mold, the hybrid process of forming-injection molding is 
compared with regular injection molding condition in terms of online process parameters, 
morphology of cross-sections and degree of crystallinity. The following findings were 
derived from this study. 
82 
 
1) Neglecting the axial component of the velocity field is not an acceptable simplification 
for the hybrid process of forming-injection molding as the melt flow follows sheet 
deformation which is usually in the axial (thickness) direction. 
2) The polymer melt is being packed to a much greater extent in the hybrid forming-
injection molding process than under the conventional injection processing condition, 
as it is coupled with the deformation of the blank. This can lead to a higher density of 
injected parts and also possibility of eliminating the packing phase in the hybrid 
process, especially in case of using pin-point gate (due to faster solidification of the 
gate). 
3) A higher level of pressure gradient observed in the hybrid process of injection molding 
can lead to non-uniform deformation of the sheet metal and incomplete filling of the 
cavity, especially at thin regions. Hence, the authors suggest that, in the hybrid process, 
the cavity gate is located at the thinnest part rather than in the thickest region which is 
a common location for the conventional injection molding. 
4) The temperature sensor mounted in the cavity wall shows a higher value in the hybrid 
process than in the case of the conventional injection molding process. It means that 
the cooling condition of the hybrid process is relatively better than of the conventional 
injection molding condition. However, the higher level of temperature gradient slightly 
increases the chances of warpage in the hybrid process in comparison with the regular 
injection molding condition. 
5) The difference in flow patterns – the radical flow of PIF vis-à-vis the fountain flow of 
conventional injection molding – led to a distinct flow pattern of the polymer melt as 
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well as a different degree of the crystallinity in PIF process compared to the 
conventional injection molding process. 
6) In sum, the results of this work prove that the distinct melt flow in the coupled 
filling/forming phase of the hybrid process directly influences the flow pattern and 
thereby, the distributions of pressure, temperature, crystallinity and solidified layer. 
Hence, the authors intend to develop a particular melt flow model to simulate the 
simultaneous filling/forming action and provide more accurate information for the 







 7. AN ANALITICAL APPROACH TO MODEL PIF PROCESS  
In this chapter, a quick and reasonably accurate analytical modeling for the PIF process 
based on the behavior of the polymer melt during the coupled filling/forming phase is 
developed and its accuracy was validated by experiments. The proposed approach entails 
i) modeling the polymer melt flow, considering the particular conditions of this process; ii) 
reformulating a sheet metal deformation model based on the nonhydrostatic pressure from 
the application of the polymer melt iii); discretizing each medium and iv) developing a 
calculation flowchart to assure the proper interaction of polymer melt flow and sheet metal 
deformation. 
7.1 Hybrid injection-forming vs. conventional injection molding 
Although numerous analytical models and commercial codes have been developed to 
simulate the injection molding process, their use in the study of polymer melt flows while 
coupled with a forming process is limited due to several fundamental differences. These 
differences are mostly related to the filling stage of the injection molding process, unlike 
the hybrid process that is characterized by the occurrence of a simultaneous filling and 
forming. These differences, considered in terms of a center gate disk-shaped cavity, are 
schematically illustrated in Figure 7-1 (based on the finding of Chapter 6), and described 
as follows: 
1- In contrast with the regular filling stage in which the cavity geometry and the boundary 
conditions are fixed, in the coupled filling/forming process, the cavity is expandable 
which thus yields a variable time-dependent boundary condition. 
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2- In conventional injection molding, it is a reasonable assumption to neglect the axial 
component of the velocity field. But, in the filling/forming condition, the polymer tends 
to squeeze into the newly developed space because of the sheet deformation. Hence, 
the melt flow diverts from the radial direction to the direction of the sheet deformation 
which is mostly in the axial direction. 
3- In a regular filling stage, the movement of the polymer melt towards the cavity results 
in the creation of a solidified layer in the contact area of both the melt and cavity wall 
with the thickness increases with time. As a result, the thickness distribution of this 
solidified layer is not uniform as it is thicker in the post gate location than the end of 
the flow. When this filling process is coupled with a simultaneous forming process (in 
the hybrid process), a solidified layer is surrounded the injected polymer from the initial 
deformation step which results in a uniform distribution and growth of its thickness 
until the end of the process. 
4- In contrast with the conventional injection molding which the melt pressure is 
considered equal to zero at the front-end position, there is no such point in the hybrid 
processes as the injected polymer is always surrounded with the deformable cavity and 




Figure 7-1 A schematically comparison of (a) the filling phase in conventional injection molding 
with (b) the filling/forming phase of a hybrid process of forming-injection molding. 
As the melt flow dictates the molecular and fiber orientations and distributions of 
pressure, temperature, crystallinity and solidified layer [59], a particular melt flow model 
is required to simulate the simultaneous filling/forming action to provide more accurate 
information for the hybrid process of the polymer injection and sheet deformation. 
7.2 Melt flow model for coupled filling/forming phase  
The polymer melt flow is governed by the three principal laws of fluid mechanics, i.e. 
the conservation of mass, momentum, and energy. As mentioned earlier, in the 
filling/forming phase of the hybrid processes, the polymer melt is surrounded by a 
solidified layer from the initial steps, which plays a role as an insulator again the heat 
transfer. Thus, for the sake of simplicity, it is reasonable to limit the non-isothermal 
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condition of the problem only to the effect of the solidified layer and solve the governing 
equations based on an isothermal assumption. Furthermore, it is possible to omit variations 
in the angular direction by considering a center-gated axisymmetric cavity. Therefore, two-
dimensional equations of continuity and conservation of the momentum along with the 
constitutive equation of polymer melt are sufficient to mathematically describe the 
simultaneous filling/forming process. The continuity equation in the cylindrical coordinate 
system is expressed in Eq.  (7-1) considering both components of the velocity in the radial 
( ) and axial ( ) directions 
1
0  (7-1) 
As shown in the schematic view of the filling/forming stage in Figure 7-2(a),  is the 
axis that passes through the gate, which is located in the center of the cavity and r is the 




Figure 7-2: Schematic view of (a) 2-dimensional melt flow during the filling/forming stage, (b) 
components of the sheet deformation rate and (c) solidified layers. 
Omitting the effects of inertia and gravity, the conservation of momentum is expressed 








By assuming that the polymer melt is incompressible and considering generalized 
Newtonian fluid relations between stress and velocity field, Eqs. (7-2) and (7-3) are 





The Cross model is adopted to model the viscosity since it combines a Newtonian 
region and a power-law shear thinning region in a single equation hence covering low to 
high shear rates. The Cross model is given as Eq. (7-6) where  is zero-shear-rate 
viscosity, ∗is the shear stress at the transition between Newtonian and power-law 
behavior, and  is the power-law index [58]. 
1 / ∗
 (7-6) 
Considering Eq. (7-6), the viscosity of the polymer melt is a function of the rate of 
deformation and must be calculated at each point using the second invariant of the rate of 
deformation tensor which can also be determined based on the velocity field as explained 
in detail in [62]. 
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In Eqs  (7-1), (7-4) and (7-5), there are four unknown variables. Thus, equating the 
numbers of unknowns and equations requires additional relationships among the velocity 
field components ( and ). As shown schematically in Figure 7-2(a), flow occurs in both 
the r and z directions considering an axisymmetric filling/forming condition. The injected 
melt is limited in the upper surface to the stationary cavity wall which is defined with z =0 
and in the lower surface to the deformable sheet which is located at r=R(t) and z = H(t). 
Now by considering the following assumption and boundary condition,  and  are 
expressed as Eqs. (7-7) and (7-8) in which the: 
 Component of velocity in the radial direction ( ) is influenced by the rate of the sheet 
deformation in the same direction ( ) as well as a parameter (Q) which is related 
to the rate of the injection; 
 Component of velocity in the axial direction ( ) is only affected by the rate of the 
sheet deformation in the same direction ( ). 
 No-slip condition is assumed for polymer-cavity wall and polymer-sheet boundaries, 
thus making it possible to consider the following boundary conditions: 
o 0						 → 					 0 





By expressing continuity law as Eq. (7-9) and substituting Eq. (7-7), Q and 
subsequently  are determined as Eqs. (7-10) and (7-11) respectively where  is the radius 
of the cavity. 









Now by substituting  and  in Eqs. (7-4) and (7-5), which originate in Eqs. (7-11) 
and (7-8), it is possible to obtain the pressure gradient in each melt flow point in mere terms 
of the rates of sheet deformation ( , ). Therefore, pressure distribution can be calculated 
only by knowing the pressure at one material point which is normally the center of the gate 
( 0, 0). This pressure is detailed in section 2.4 as the parameter used to advance the 
process in each time step and is responsible for the interaction between melt flow and sheet 
metal deformation. This value ( 0,0 ) can also be measured and evaluated experimentally 
using an embedded sensor close to the gate or through the acquisition of the injection 
pressure subtracting pressure loss while the melt passes through the sprue.  
As the melt advances into the cavity, it cools and solidifies into a layer on the surface 
of the cavity walls and inserted sheet, a solidification process that starts from the outer 
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surface of the injected melt and gradually grows inward to the core of the flow region. This 
frozen material prevents further flow in this regions, which means that the cavity narrows 
as the cooling progresses, thus constraining the hot polymer melt. Therefore, a more 
accurate approximation requires subtracting the thickness of solidified layers   ( ) from 
the thickness of the melt flow ( ) and replacing the effective thickness ( ) in the 
continuity equation (Eq. (7-9)) as illustrated in Figure 7-2(c). Considering the identical 
temperature for the cavity walls and deformable sheet, the thickness of the solidified layer 
and remaining effective thickness are calculated from Eqs. (7-12) and (7-13), where  is 
the filling time,  is the mold or sheet temperature,  is the melt temperature,  is the 
glass transition temperature, and  is the thermal diffusivity of the polymer melt [50]. 
2 / 	 /  (7-12) 
2  (7-13) 
7.3 Modeling of sheet metal deformation 
The analytical relations used in the modeling of the sheet metal deformation are 
detailed here, most of which are developed based on the membrane theory of shells, in 
which usual plane stress assumption is considered. That is, the stress component normal to 
the sheet is negligible with respect to the other components. It is also assumed that the 
thickness of the sheet metal is much smaller than the smallest radius of curvature of the 
final deformed part. Moreover, since the coordinates used here are the principal directions, 
only two stress and strain components are used in the basic equations.  
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Although there are numerous formulations to model the sheet metal deformation under 
a fluid pressure, most assume a constant pressure within the region of deformation [63]. 
For the first time, Farahani, et al. [42] presented analytical formulation to model the 
deformation of sheet metal under a nonhydrostatic pressure field. Although the non-
uniform pressure distribution and mutual interaction of sheet deformation and forming 
medium pressure were considered, their relations and calculation procedure were limited 
in that they: 
 Use only free deformation of the sheet regarding relations; 
 Do not consider the die radius given the absence of a relation for modeling the contact 
between the sheet and die; 
 Use an inadequate formulation for controlling the injected polymer volume within the 
calculation procedure, a filling\forming process normally controlled by adjusting the 
shot volume of the injection molding machine;  
 Use the theory of plasticity which has been developed by Budiansky and Wang [64]. 
In this theory, the anisotropy of the sheet metal is only modeled by considering the 
average r-value. Hence, it is not possible to use other yield functions especially stress-
based ones. 
 Propose no relationship to determine the initial guess for the inner loop, even though 
the iterations converging in the inner loop of their calculation flowchart were 
significantly dependent upon that guess. 
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Hence, all the analytical relations and the adopted iterative approximation method 
from the Farahani et al.[42] have been reformulated and rearranged to eliminate these 
limitations and to improve the design. 
7.31. Strain-Displacement Relations 
Assumed as initially flat the sheet lies in the z = 0 plane of the cylindrical coordinate 
system (r , z) as shown in Figure 7-3(a), with the material points identified by their initial 
distance  from the z axis. The current horizontal and vertical coordinates of a material 
point are R and H, respectively, regarded here as functions of . Thus, the logarithmic 
strains in the radial and circumferential directions are defined as Eqs. (7-14) and (7-15) 
respectively, where   and  are the length of an element before and after 
deformation as shown in Figure 7-3(b). 
ln ln	  (7-14) 
ln  (7-15) 





Figure 7-3: (a) schematic view of the die, sheet before and after deformation, displacement of 
each element, (b) details of an element after deformation, and (c) contact condition between the 
sheet and die fillet. 
Furthermore, according to the definition of logarithmic strain in the thickness direction, 
it is also determined as Eq. (7-17) where ,  are the current and initial sheet thicknesses, 
respectively. 
ln	  (7-17) 
7.3.2 Equilibrium equations 
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Regarding the axisymmetric free deformation of the sheet, an infinitesimal element 
limited by two adjacent meridian planes with two adjacent latitude planes is considered to 
derive the equilibrium equations as shown in Figure 7-4(a). The principal axis of this 
element is along the meridian (φ), circumferential (θ), and thickness direction (s). All 
dimensions and stress states used to find the equilibrium equations for this element are 
illustrated in Figure 7-4 (b-c). 
 
Figure 7-4: (a) schematic view of an infinitesimal element on the deformed sheet and its 
dimensions and stress state in (b) isometric, (c) side and (d) top views 
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Assuming an axisymmetric condition, the stress in the circumferential direction ( ) is 
constant. Hence, the equilibrium of forces in the two main directions r and z (as 
demonstrated in Figure 7-4(c)) is expressed as Eqs. (7-18) and (7-19). 














However, considering an infinitesimal element and thus substitute , 
 and  makes it possible to simplify Eq. (7-18) and (7-19) as: 
r:  (7-20) 
z:  (7-21) 
where  and  are respectively normal and tangential force apllied to the outer surface 
of the element depending upon the contact condition. 
7.3.3 The plasticity relationship 
In the plasticity relationship, the elastic strain is assumed as insignificant compared to 
the plastic strain. Therefore, a suitable plasticity model must be selected to inform the 
incremental stress-strain relationships for this problem while considering the anisotropic 
behavior of the sheet metal. Among all various forms of anisotropic yield functions, the 
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general form of Hill’s 1948 model [65] is selected as it has been widely used in sheet 
metal forming problems and can also predict all experimental features of the selected 
sheet in this work (AA 6061-T6)  [66]. Hence, the quadratic yield criterion in a general 
form is defined as: 
2 2
2 2  
(7-22) 
where , , , , and  are the anisotropic parameters. Regarding this research 
characterized by an alignment of the principal stresses with the directions of anisotropy 
and an assumption of the plane stress condition, the effective stress ( ) is given as Eq. 





2 2 1 2
1/2
 (7-23) 
The most common method for determining the ,  and  parameters is based on 
the anisotropic ratio defined as  along 0° and 90° to the rolling direction, i.e., R0 
and R90. Using these ratios determined from the uniaxial tensile test, anisotropic parameters 





					,				 1  (7-24) 
If the yield stress, rather than the anisotropic ratio serves as the primary indicator of the 
anisotropy of the target sheet metal, it possible to determine the anisotropic parameters 
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using the yield stresses along 0° and 90° to the rolling direction (  and ) and R-value 
of the single direction. Depending on whether  or  is employed, the parameters are 
determined using either Eqs. (7-25) or (7-26) respectively, where  is the reference 










Supposing that  in Eq. (7-22) is the plastic potential, the principal strain 







	  (7-29) 







If 0 indicates the beginning of the deformation then the effective strain at any time 




σ  (7-32) 
In Eq. (7-32),  and  are the material constants and considered as the experimental 
inputs. By solving Eqs. (7-27) and (7-28), principal stresses are calculated based on the 







7.4 Injected volume and time step 
As the progress of sheet deformation in the coupled filling\forming phase is practically 
controlled by the preset shot volume on the injection molding machine, the volume of the 
bulge, expressed in Eq. (7-35) must be calculated at each time step. Here  is the 
volume limited by each element and determined based on the displacement of each material 
point, expressed in Eq. (7-36). 




Considering an initial filled volume,	 , which is mostly related to the volume of the 
feeding system (for our purposes the volume of sprue), the total injected volume, , in each 
stage of the process is calculated by Eq. (7-37). 
 (7-37) 
In this work, it is assumed that the polymer is injected at a constant rate of , thus 
making it possible to determine the injection time using Eq. (7-38). 
/  (7-38) 
7.5 Contact and boundary conditions 
During the filling/forming stage, the sheet may be divided into a die-sheet contact 
region and a non-contact region. In the non-contact region,  and  both vanish in 
equilibrium equations (Eqs. (7-20) and (7-21)). In the die-sheet contact region, the 
coordinates of the sheet R and H must satisfy the constraint equation (Eq. (7-39)) in each 
time step. 
 (7-39) 
Function f can be determined depending upon the geometry of the cavity and the 
progress of deformation thus making it possible to model any kind of axisymmetric 
deformation such as cup forming, or free forming using this formulation. Given that the 
subject of this paper is the investigation of the free deformation of the sheet, the contact 
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region is limited to the radius of the die (as shown in Figure 7-3(c)) which is formulated as 
Eq. (7-40). 
2 2
														 	  (7-40) 
There are two boundary conditions in this problem that must be satisfied at each time 
step, the first of which is at the tip of the dome shape where 0. Although there is no 
physical constraint in this area, the assumed axisymmetric condition leads to a derivation 
of Eqs. (7-41) and (7-42) expressed as: 
0, 0,  (7-41) 
0, 0,  (7-42) 
It is not possible to calculate the principal strains,  and , at the tip of the dome shape 
since Eqs. (7-14) and (7-15) are undefined at 0. Hence, these values based on the 
aforementioned boundary condition are determined by Eq. (7-43) where n is the strain 









The second boundary condition is defined at  and denotes to the rim area in which 
the sheet metal is fully clamped hence preventing any displacement. This special condition 
is caused by the stretch forming assumption and expressed as Eq. (7-44). 
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, 0				 → 			 , 0			 (7-44) 
7.6 Numerical calculating scheme 
Based on the formulations described above, a numerical calculation system has been 
developed which is a combination of an iterative approximation method for the sheet 
deformation and a Finite Difference Method (FDM) for the polymer melt flow. Although 
this combined numerical method was selected, given its minimal computational 
requirements, it is possible to use the presented model and formulation with the Finite 
Element Method (FEM) for more complex geometries. As shown in Figure 7-5, the sheet 
metal and polymer melt are discretized as two individual 1D and 2D domains respectively. 
Hence, all the variables presented in the formulation of the sheet metal deformation are 
only functions of r, whereas variables of the polymer melt model are functions of both r 
and z in each time step. 
 
Figure 7-5: discretization of sheet metal as a 1D domain and 2D finite difference grid of polymer 
domain (the actual grid and element sizes are much finer than the illustrated) 
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After discretization, all the variables are represented by the number of spatial points 
and time steps given by indices i, j and k which denote r, z and t respectively. In this work, 
the size of the grid has been considered identical in the directions of r and z, and calculated 
by Eq. (7-45) where  is the number of mesh in r direction which will be subsequently 
adjusted to balance the accuracy and calculation time.  
∆ ∆ /  (7-45) 
1 ∆ 														1  (7-46) 
As illustrated in Figure 7-5, the 2D computational grid during the filling/forming 
process contains different node types, the description of which are as follows.  
 Gate nodes ( 1  , 1): These nodes are filled before the beginning of the 
process with a pressure and flow rate assumed as constant. 
 Mold wall nodes ( 1  , 1): These nodes imply no flow across that 
edge and apply no-slip boundary condition ( 0). 
 Sheet metal nodes: These nodes are the closest to the current position of the sheet 
nodes ( , , , ) and similar to the mold wall nodes, imply the no-slip boundary 
condition. As the sheet deforms, the velocity of these nodes is assumed identical to 
the deformation rate ( 		, ). They also take care of distributing the melt 
pressure to the sheet metal for the next time step.	
 Melt nodes: These nodes are that which are filled and used to calculate the pressure of 
the sheet metal nodes based on the pressure at the gate nodes. 
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 Solidified nodes: Identical to the melt nodes except in the calculation of the 
continuity equation (Eq. (7-9).  
 Empty nodes: All nodes in none the preceding four categories; deemed empty. 
The progress of the deformation is indicated by the pressure of the gate nodes as a 
measure of time. The initial conditions at t = 0 impose the condition in which the 
insufficiency of the applied pressure prevents any plastic deformation on the sheet. 
Hence, the calculation procedure begins at 2 as at 1 all the stresses, strains and 
strain rates are zero, and i, 1 0. Any pre-deformation on the blank is easily 
managed by considering the appropriate values of each material point at this time step as 
expressed by Eq. (7-47). 
, 1 , 											1  (7-47) 
The complete calculation flowchart of the proposed numerical modeling for a single 




Figure 7-6: The calculation flowchart for a single time-step 
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As shown in Figure 7-6, the calculation procedure begins with incrementing the 
pressure at the gate nodes and solution of melt flow model based on the recently updated 
geometry and the rate of the sheet deformation from the previous time step. The details of 
the FDM for solving the melt flow model have been adopted from [71]. Then, the algorithm 
follows by the convergence of two iterative loops according to certain criteria. In each time 
step, the outer loop begins with a supposition of the height of the sheet at the center (height 
of the first element, 1, ). Given the critical effect of this approximation on the 
convergence of the iteration loop, a closed approximation is informed by calculating the 
initial value of 1,  from Eq. (7-48) derived from hydraulic bulge relations [72]. In this 
relation  is the radius of curvature at the tip and calculated from the implicit relation 
given by Eq. (7-49). 







This initial approximation of the height is followed by a computation of the other 
variables based on the symmetry condition at the apex point. An incremental shift in the 
element number ( ) then informs an advancement of the solution to the inner loop. The 
inner loop starts with the estimation of the initial value of  and  from Eqs. (7-50) and 










1,  (7-51) 
The contact condition of sheet/tool is then checked to ensure that the deformed sheet 
does not cross the cavity walls and fillets. After satisfying the contact condition, the inner 
loop continues the calculation of the strain, stress and other geometrical parameters at that 
element. This iteration loop then repeats until and  (determined from plasticity 
relations) are nearly equal to ́  and ́  (required for equilibrium equations). After each 
iteration, the values of  and  are updated using the gradient descent method and a cost 
function, which is expressed as Eq. (7-52). 
́ 	 ́ 	  (7-52) 
Upon the convergence of the iteration for an element, the inner loop procedure shifts 
to the next element in a radial direction and similarly continues to the clamped edge of the 
blank. When the calculation reaches the last element ( ), the boundary condition is then 
checked ( , ≅ 0 . The satisfaction of this condition means a correct assumption 
on behalf of 1,  at the beginning of the outer loop. If the satisfaction is other, the value 




,  (7-53) 
When Eq. (7-53) is minimized all equations and boundary conditions are satisfied for 
a single time step, and the total injected polymer is then calculated based on the last 
geometry of the deformed sheet. If this value is less than the target injection volume, the 
calculation proceeds to the next time step; otherwise, that step is considered the last and 
the calculation ends. 
The trial runs of a MATLAB code, informed from the presented relations and 
calculation flowchart, determined the use of 200 mesh points ( 200) from the center 
to the clamped area as sufficient for maintaining spatial accuracy. The pressure increment 
in each time step (∆ ) is chosen for an approximate two percent increase in the injected 
volume per each step. Such conditions yield a series of accurate solutions that are 
characterized by a rapid and inexpensive convergence of the computations above.  
7.7 Material and design of experiments 
In this work, two commercial aluminum alloys are used as the blank material; AA1100-
O and AA6061-T6. The purpose of such a selection is to identify the effect of different 
materials on the PIF process and to validate the proposed modeling approach with diverse 
material parameters. The characterization of these alloys has been detailed in Chapter 4. 
MFC-021 from Advanced Composites Inc. has been also selected as the injected material 
because of its wide application for making automotive components and ease of injection. 
These material parameters have been listed in Chapter 4. 
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A consideration of the PIF sequences clearly shows that the progress of sheet metal 
forming in this hybrid process is determined by the shot volume in the injection process. 
Hence, to investigate the performance of PIF process and validate the proposed modeling 
approach in a different stage of sheet metal forming, a series of experiments with five 
different shot volumes, as listed in Table 7-1, was designed and conducted for each sheet 
metal materials. To ensure the repeatability of the results, all tests are performed three times 
for each injection volume. 
Table 7-1: Deformation steps based on injection volume. 
Sheet metal material: AA-1100-O 
Shot volume (cm3): 25 30 35 40 50 60 
Sheet metal material: AA-6061-T6 
Shot volume (cm3): 25 30 35 40 45  
To ensure a consistency between the experiments all other process parameters as listed 
in Table 7-2, are kept constant. During the trial tests, the packing phase of the injection 
molding process was deemed neither effective nor desirable as the application of more 
pressure at the end of injection phase caused greater sheet metal deformation rather than 
an increase in packing the melt. Therefore, the holding pressure was eliminated from the 


















5 cm3/s 150 kN 200 °C 35-40 °C 120 bar No 
Upon completion of the tests, each sample is scanned and measured to determine the 
shape, dimensions, and strains as described in Chapter 4. The weight of the injected part 
is also measured after each experiment to check the consistency between replications. 
7.8 Results, validation, and discussion  
The array of the formed sheet metals and their associated injected parts regarding each 
shot volume is shown in Figure 7-7. It is clearly observed that the deformation of the sheet 
metals increases in the experiments conducted with higher injection volumes. The limited 
formability of AA6061 constrained the successful deformation of this blank to no more 
than 40 cm3 shot volume. increasing shot volume more than 40 cm3 caused the blank to 
burst and consequently polymer melt flashes out of the ruptured region. 
 
Figure 7-7: An array of formed blanks and their associated injected parts. 
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As there is a direct relation between the injected polymer and deformation of the blank, 
any variation in each can cause a corresponding change in the other. Hence the weight of 
the injected parts and the height of the deformed samples are reported in the same graph as 
shown in Figure 7-8. In this figure, note the clear lack of influence of the blank material 
upon the injected polymer weight as the variation is within the standard deviation of the 
experiments. The density of the melt within the barrel is the cause of this lack of influence 
in that it is identical for all experiments due to the identical process parameters related to 
the plasticizing stages. The height of the dome shape on the AA1100 samples, however, is 
slightly higher than the corresponding AA6061 samples. The cause of this difference is 
tied to the fact that the polymer melt undergoes a higher pressure within the cavity during 
the forming of AA6061, which causes a greater compression of the melt and less 
deformation of the blank. 
 
Figure 7-8: Comparison of the weight of injected pat and height of the deform blank 
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The pressure development captured by the sensor located at the postgate location (P1) 
is presented in Figure 7-9 and compared with the corresponding pressure calculated at the 
same location. The pressure level during the deformation of the AA6061 is significantly 
(3.8 times) higher than the maximum pressure needed to deform the AA1100 blank. This 
observation is expected as the maximum tensile stress of AA6061 is also significantly 
(almost the same ratio, 3.5 times) higher than AA1100. In this figure, the profile of the 
postgate pressure can be divided into three regions. The first region denotes the initial 
filling condition in which the polymer melt fills both the feeding system and the interstices 
between the cavity and the blank resulting in a near zero presence of pressure. The second 
region illustrates the coupled filling/forming phase of the PIF process. After termination of 
the injection, the third region or cooling stage begins. In this stage, the injected melt starts 
to solidify and consequently shrink which results in lost contact with the tip of the sensor, 
hence capturing a zero pressure. The result of the pressure calculated at the same position 
of the postgate sensor (r=11.25, z=0) is compared the pressure captured during the second 
region as the initial filling and cooling phases have not been modeled in the modeling 
approach. Note that the rising slope of the calculated pressure and its maximum value is in 
good agreement with the experimental results. The increasing aspect of the pressure within 
the cavity is the reason for this agreement, a pressure caused by resistance against the 
injection that is related to the sheet metal deformation and governed by the strain hardening 
of the blank material. However, the time difference between the calculated pressure and 
sensors pressure is not considered, a difference caused by the marginal performance of the 
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proposed model in calculating the pressure from the beginning of sheet deformation to the 
filling and compression of the melt.  
 
Figure 7-9: Postgate pressure profile captured by the sensor 1 (P1) and calculated pressure at the 
same locations for two different materials of the blank in experiments with 40 cm3 shot volume. 
The pressure gradient of melt flow along the radial direction is calculated by subtracting 
the pressure at the end of flow (P2) from the pressure at postgate (P1). As shown in Figure 
7-10, the pressure gradient significantly develops during the coupled filling/forming phase, 
whereas in the initial filling phase, the pressure gradient is almost neglectable. The 
maximum pressure gradient occurs after the end of the injection when the negative pressure 
induced by the plasticizing action reduces the pressure of the freshly injected melt closed 
to the gate location (P1) more than the pressure at the end of the flow (P2). Finally, the 
pressure gradient is gradually eliminated during the cooling phase due to solidification. 
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The importance of the pressure gradient to the PIF process is associated with a non-uniform 
deformation of sheet metal and warpage on the polymeric part. The calculated pressure 
gradient for the experiment with AA1100 exhibits a closer agreement with experimental 
results than AA6061, an error possibly associated with the fully plastic assumption of the 
sheet deformation. Under experimental conditions, the elastic deformation of the sheet 
metal, especially in the rim region, assumes greater prominence compared to the plastic 
deformation which in turn amplifies both the pressure in that region and the pressure 
gradient. 
 
Figure 7-10: Gradient of the pressure in the radial direction. 
After the validation of the proposed modeling approach in terms of the cavity pressure, 
the deformation characterization of the sheet metal samples such as principal strains and 
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thickness variation along the radial direction is next presented to validate the proposed 
deformation model and its interaction with the melt flow model. In this regard, the 
calculated principal strain in the radial direction is compared with the corresponding 
experimental results in Figure 7-11. The figures contain the points which show the 
measured strains at four locations along the radial path through the use of the etched 
pattern. As shown in Figure 7-11, the strain distribution is more uniform during the initial 
stages of the deformation (lower shot volume) due to the absence of the local deformation. 
The increase of the injected polymer results in a concentration of the distribution of the 
strain data at the tip of the dome shape where an axisymmetric condition leads to an equal 
biaxial tensile condition. The distribution of the theoretical strains at most of the measured 
points is within the standard deviation of the experimental results. At some intervals, a 
deviation greater than the standard deviation of the experimental results is evident, which 
is the result of errors encountered during the strain measurement from the etched pattern. 
Moreover, a slight overestimation on the calculated strain is observed in all experiments 
conducted with the AA6061 blank (see Figure 7-11(b)). It is believed that the reason for 
this discrepancy is the disregard of the elastic behavior which is noticeable in the case of 




Figure 7-11: Calculated radial strain distribution for different shot volume and comparison with 
experimental results (a) AA1100 (b) AA6061. 
The calculated principal strain in the circumferential direction is compared with the 
corresponding experimental results in Figure 7-12 for each shot volume. The 
circumferential strain exhibits an almost identical distribution as the radial strain except at 
the rim (r=35) where the circumferential strain converges to zero, due to a fully clamped 
condition in this region. The calculated circumferential strain also shows a good agreement 
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with the corresponding measured results as most of the graphs pass within the error bars of 
the experimental results. Similar to the result of radial strain, an overall overestimation is 
also observed in the calculated circumferential strain for the AA600061 blank as compared 
to the experimental results (Figure 7-12 (b)). 
 
Figure 7-12: Calculated circumferential strain distribution for different shot volume and 
comparison with experimental results (a) AA1100 (b) AA6061. 
119 
 
To further support the validity of the proposed modeling, the thickness distribution of 
the formed sheet metal samples is presented and compared with the experimental results in 
Figure 7-13. An expected similarity between the thickness distribution and the distribution 
of the on-surface principal strains (Figure 7-11 and Figure 7-12) is observed due to the 
direct relationship between both (Eqs. (7-16)and (7-17)). The minimum thickness for all 
shot volume is presented at the pole of the dome where the rupture is more likely to occur 
with the injection of additional polymer and progressing the deformation as with the 
AA6061 blank subjected to a 50 cm3 injection volume (see Figure 7-7). Although the 
results yielded a similar over-estimation, this deviation is not more than 7% indicating the 
close agreement of our model with the experimental data. Clearly, this deviation in 
thickness reduction is rooted in the localized the thickness reduction during the 
experiments rather than a uniform distribution, the result of which is from the adopted 





Figure 7-13: Calculated thickness distribution for different injected shot volumes and comparison 
with experimental results (a) AA1100 (b) AA6061. 
 
7.9 Summary  
The proposed approach to simulate the hybrid process of forming-injection molding 
entails i) modeling the polymer melt flow, considering the particular conditions of this 
process; ii) reformulating a sheet metal deformation model based on the nonhydrostatic 
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pressure applied by the polymer melt; iii) and discretizing each medium and; iv) developing 
a calculation flowchart to ensure the proper interaction of the polymer melt flow and sheet 
metal deformation. 
A general numerical approach to modeling the hybrid process of forming-injection 
molding was introduced based on the particular melt flow model proposed for the coupled 
filling/forming phase of this process. Moreover, an easy-to-follow calculation flow chart 
was presented to ensure the proper interaction of the polymer melt flow and the sheet metal 
deformation. This formulated theoretical framework was successfully applied to analyze 
the free deformation of two different aluminum alloys (AA1100 and AA6061). A novel 
experimental configuration to permit the simultaneous operation of the sheet metal forming 
and polymer injection molding was used to validate this approach experimentally. Mounted 
sensors within the cavity combined with an integrated data acquisition system permit the 
online monitoring of the pressure and pressure gradient along the flow pass. The following 
findings were derived from this study. 
6) Despite the same weight of injected part for both tested material, the height of the 
dome-shaped on the samples made of AA1100 is slightly higher than the corresponding 
samples made of AA6061 due to greater application of compression on the polymer 
melt during the forming of the AA6061 blank, thus resulting in a less severe 
deformation of the blank. 
7) The coupled filling/forming phase of this hybrid process meant that the level of the 
pressure inside the cavity is highly dependent on the strength of the blank material.  
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8) The accuracy of the proposed modeling approach was examined in terms of the 
principal strains and thickness distributions. Regardless of the deviation encountered 
by the method of the strain measurement, the fully-plastic assumption, and omission 
of the localized thinning indicated a close agreement of the calculated strains with 





 8. FEASIBILITY OF INTEGRATING SUPERCRITICAL FLUID 
TECHNOLOGY WITH PIF PROCESS 
 
In this chapter, the concept of integrating Supercritical Fluid (Sc.F.) technology with 
the PIF process is introduced to mitigate the practical issues of the PIF process. 
Subsequently, a set of experiments based on different manufacturing approaches is 
designed to investigate the feasibility of this integration. Moreover, as the Sc.F. assisted 
technology requires processing at a high injection rate and dealing with the compressible 
and expandable nature of the melt in this process, the capabilities of Smooth Particle 
Hydrodynamics (SPH) method are investigated as a potential numerical tool to simulate 
this integrated process. 
8.1 Supercritical Fluid (Sc.F.) assisted injection molding 
Supercritical fluid-assisted (Sc.F.) injection molding technology is a unique injection-
molding technology based upon its injection molding antecedent. In this process, CO2 or 
N2 in a supercritical state are used to form structural foamed products with superior 
strength-to-weight and cost-to-performance ratios to that of conventional injection-molded 
products. The Sc.F. state of a gas is characterized by gas- and liquid-like properties, both 
of which direct the Sc.F. mixing with the polymer [74]. A schematic of the Sc.F. assisted 




Figure 8-1: Schematic of the Sc.F. assisted injection molding technology 
The Sc.F. assisted foam process involves cell nucleation, cell growth, and cell 
stabilization. After the solid polymer reaches a molten state at the midpoint of the injection 
molding barrel, Sc.F. is injected. The flow of the Sc.F. and the polymer melt through the 
barrel is characterized by shear mixing in which the polymer melt is super-saturated with 
the Sc.F. fluid. This single-phase viscous fluid under high pressure is then injected into the 
mold cavity at atmospheric pressure (below the gas saturation pressure point), which 
triggers a thermodynamic instability that induces cell nucleation. The gas diffusion rate 
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and the stiffness of the polymer-gas solution are used to control cell growth, which is 
affected by (a) the time required for cell growth; (b) the state of supersaturation; (c) the 
hydrostatic pressure applied to the polymer; (d) the system temperature; and (e) the 
viscoelastic properties of the single-phase polymer-gas solution [75, 76]. The benefits of 
Sc.F. assisted technology (extracted from [77] and listed in Figure 8-2) shows the 
capabilities of this technology in significantly reducing design and manufacturing costs 
compared to conventional injection molding processes. 
 
Figure 8-2: Benefits of supercritical assisted technology 
8.2 Supercritical Fluid-assisted Polymer Injection Forming (SFPIF) 
Although PIF, which is an HPS that may well expand manufacturing research through 
the creation of multi-material constructs, several practical issues have hindered its 
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deployment in industrial applications. A comparison of these hindrances and the benefits 
of the Sc.F. technology (Figure 8-2) shows the synergy of integrating these two processes. 
For example: 
 A thick polymeric part resides (after solidification) at the location of the expected deep 
sheet deformation via melt pressure. This thick polymer layer is undesirable in the 
conventional injection molding process in that it increases the weight of the part, 
requires an increase in cooling time, and may cause warpage, local excessive shrinkage 
and sink marks (see Figure 8-3(a)). This combination of PIF with Sc.F. technology, 
however, can balance and maintain the lightweight condition and eliminate those issues 
related to thick polymeric layer, owing to the nature of the foaming process. 
 The flow of the polymer melt through a thin channel increases the pressure loss along 
the flow path due to the viscous nature of the melt. This excessive pressure loss causes 
a non-uniform pressure distribution and consequently a non-uniform deformation (see 
Figure 8-3(b)). Again, this combined PIF with Sc.F. injection molding process 
mitigates this drawback because the dissolution of the Sc.F. into the melt reduces 
viscosity significantly, and thus improves deformation uniformity. 
 Shrinkage and springback both of which are characterized by opposite roles in the 
hybrid PIF process are common problems in injection molding and sheet metal 
forming, the result of which is induces residual stresses on the contact area that reduces 
both the bonding layer strength and sheet metal delamination from the polymeric part 
(see Figure 8-3(c)). Although reverse geometrical modification is used to compensate 
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for the springback in conventional sheet metal forming processes, it is an imperfect 
solution for the PIF process as the injected polymer assumes the deformed sheet shape 
and shrinks from that point. It is possible however to reduce the residual stress and 
geometrical instability by integrating the PIF with Sc.F. injection molding. Here, the 
polymer melt with the dissolved Sc.F. tends to expand rather than shrink, the lessening 
of which is a central advantage of Sc.F. assisted technology. 
 
Figure 8-3: Major practical issues associated with the application of PIF process 
Clearly, this combination of Sc.F. technology with the PIF process (known as SFPIF) 
will yield lightweight, hybrid polymer-metal components for use in auto, aerospace, and 
mechanical engineering applications. As the proposed technology is a transformative 
manufacturing innovation, with nothing in the literature correlating to this concept, a set of 
experiments based on different manufacturing approaches is designed to investigate the 
feasibility of this integration. Also, the Sc.F. assisted technology requires processing in a 
high injection rate and dealing with the compressible and expandable nature of the melt in 
this process. Hence, in this chapter, the capabilities of the Smooth Particle Hydrodynamics 
(SPH) method is also explored as a potential numerical tool to model the PIF process 
considering the emerging requirements of this integration. 
8.3 Manufacturing procedures 
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After the creation of the single-phase solution of the polymer melt and Sc.F. during the 
plasticizing stage, cell nucleation and growth within the cavity next occurs during the 
injection phase of the Sc.F. assisted injection molding process. Of particular importance 
here is the creation of enough nuclei to develop a proper microcellular structure for use on 
the final part, the creation of which would be otherwise impossible. Ensuring a sufficient 
cell nucleation within the conventional Sc.F. assisted injection molding process is 
characterized through a control of the pressure drop and drop rate within the mold cavity, 
given their direct influence upon the cell morphology [76]. Controlling both the pressure 
drop and the drop rate in the conventional Sc.F. enables a simple configuration of both the 
shot volume and the injection rate to maintain the required pressure drop and drop rate for 
cell nucleation. Such a method may prove ineffective with PIF process given the absence 
of free space within the cavity (except within the feeding system, which is quite small 
compared to the entire shot volume). Further, the deformation of the sheet metal causes the 
creation of this cavity space during the coupled filling/forming phase. Thus, both the shot 
volume and rate of injection, and the pressure drop and drop rate are dependent upon the 
material and thickness of the blank, the level of deformation, and the geometry of the final 
deformed part. As such, three manufacturing procedures as described below are used to 
investigate the effect of these new parameters and to explore the performance of these 
techniques that are associated with the integration of the Sc.F. and PIF technologies. 
Manufacturing procedure 1 (MP-1): The Sc.F. is first introduced into the barrel and a 
uniform solution of the polymer melt and Sc.F. is prepared during the plasticizing phase, 
followed by an adherence to the established PIF process for the balance of the procedure, 
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in which no extra mechanism is used to control the pressure drop and drop rate. In MP-1, 
the effect of utilizing Sc.F. assisted injection molding rather than conventional injection 
molding in the PIF process is first investigated. The purpose in so doing is to determine the 
effect of Sc.F. dosage on the sheet metal deformation given the expansion of the polymer 
melt with dissolved Sc.F., which thus causes the additional deformation. An inspection of 
this integration to eliminate the aforementioned practical issues of the regular PIF process 
determined an almost similar condition of the coupled filling/forming phase of the PIF 
process condition as in the gas counterpressure (GCP) process. The resistance of the sheet 
metal against the development of the melt flow makes this possible. Hence, the other aim 
of this procedure is to explore the effect of the PIF design parameters (such as shot volume 
and material of the blank) on the cell nucleation process by studying the morphology of 




Figure 8-4: Schematic of manufacturing procedure 1 (MP-1). (a) Coupled filling/forming 
sequence with full shot size, (b) additional deformation gives space for foaming. 
Manufacturing procedure 2 (MP-2): The plasticizing sequence to prepare the single-
phase solution is exactly the same as for MP-1. But in the molding stage, after the coupled 
filling/forming sequence of PIF is finished with the full shot size, the mold opens to give 
the foaming space. The principle of this manufacturing procedure is demonstrated in Figure 
8-5. The injection machine needs to be designated to be capable of opening the mold after 
injection and to also precisely control the opening distance. Moreover, a third floating plate 
should be also considered for the mold to maintain the blankholder force (BHF) on the 
sheet metal and prevent polymer flash. This feature makes possible a control of the pressure 
drop and drop rate by the amount and speed of the mold opening action. This procedure 
was then used to determine the effect of the blank material and the weight percentage of 




Figure 8-5: Schematic of manufacturing procedure 2 (MP-2). (a) Coupled filling/forming 
sequence with full shot size, (b) Mold opens to give additional space and promote foaming. 
Manufacturing procedure 3 (MP-3): This procedure has the same sequences as MP2 
with the only difference being that after injection, instead of opening the mold, the bottom 
of the cavity is retracted. This retraction releases the contact pressure between the deformed 
sheet and cavity which consequently leads to pressure drop and possibly additional 
deformation. This procedure is only applicable to shape forming processes because, in case 
of free forming, the sheet metal does not have any contact with the cavity. Hence, the effect 
of weight percentage of Sc.F. is investigated in the cup forming of AA1100 blanks. The 




Figure 8-6: Schematic of manufacturing procedure 3 (MP-3). (a) Coupled filling/forming 
sequence with full shot size, (b) Bottom of cavity is retracted to release its contact with the blank 
and promote foaming. 
8.4 Design of experiments and process settings 
The processing condition of the Sc.F. assisted injection molding and the 
characterization of the final molded part are affected by both plasticizing parameters and 
molding parameters [12]. Given the identical nature of the plasticizing phase of the PIF 
process to that of the conventional injection molding process, all the parameters in this 
category except the weight percentage of the Sc.F. were kept constant and set based on the 
previous experience in our lab related to the conventional injection molding. The weight 
percentage of the Sc.F. was considered one of the variable parameters given its influence 
on the deformation of the sheet metal and the expected importance of the morphology of 
the final foamed part. Regarding the molding parameters, the shot volume was chosen as 
another variable parameter given the direct effect on the depth of deformation, the 
thickness of the melt and its distribution.  
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Two materials exhibiting a significant difference in the strength and formability were 
considered for the sheet metal blank, with this selection informed by the expected effect of 
the material strength upon the pressure within the cavity and the cell morphology of the 
material. Given all, the design of experiments for each manufacturing procedures 1, 2 and 
3 are listed in Table 8-1,Table 8-2 and Table 8-3 respectively.  
Table 8-1: Variable parameters and design of experiment for MP-1 
Effect of the Sc.F. dosing time 
Blank: AA1100 Blank: AA6061 
Shot volume: 30 cm3 Shot volume: 20 cm3 Shot volume: 20 cm3 
Exp. # 
Dosing time 
(s) Exp. # 
Dosing time 
(s) Exp. # 
Dosing time 
(s) 
MP1-1 0 MP1-5 0 MP1-8 0 
MP1-2 2 MP1-6 4 MP1-9 4 
MP1-3 4 MP1-7 6 MP1-10 6 
MP1-4 6     
Effect of shot volume at constant dosing time of 4 s 
Blank: AA1100 Blank: AA6061 
Exp. # Shot volume (cm3) Exp. # Shot volume (cm3) 
MP1-11 20 MP1-14 20 
MP1-12 26 MP1-15 26 
MP1-13 30 MP1-16 30 
Table 8-2: Variable parameters and design of experiment for MP-2 
Blank: AA1100 
Shot volume: 30 cm3 Shot volume: 20 cm3 
Exp. # Dosing time (s) Exp. # Dosing time (s) 
MP2-1 2 MP2-4 2 
MP2-2 4 MP2-5 4 
MP2-3 6 MP2-6 6 
Table 8-3: Variable parameters and design of experiment for MP-3 
Blank: AA1100 
Shot volume: 30 cm3 






A summary of the fixed process parameters is provided in Table 8-4, with all parameters 
listed as identical for all the experiments, unless otherwise noted. 





















100 kN 30 
cm3/s 
240 °C 35 °C 99% 
volume 
120 s 150 bar 200 bar 0.07 kg/h 
Both the sheet metal blank and final hybrid part were weighed before and after the 
completion of each experiment to record the weight of the injected part. A water jet 
machine was then used to cut all samples which were subsequently scanned to determine 
the deform geometry, corner radius and thickness distribution of the sheet metal. As the 
objective of this research task is to explore the feasibility of the integration of the Sc.F 
technology and capability of the proposed manufacturing procedure, the replication of the 
experiments has been limited to the plasticizing stage in order to make sure about 
processing a uniform solution of polymer melt and Sc.F before injection stage. But the rest 
of the experimental procedure and measurements have been restricted to a single 
experiment with no replications. 
8.5 Results and feasibility of integration concept 
8.5.1 Initial trials and observation 
It was determined during the initial trials that an adjustment of the process parameters 
related to the plasticizing stage was deemed most necessary in terms of achieving a uniform 
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single-phase solution of Sc.F. and polymer melt. Otherwise, a large empty space within the 
polymeric region would result, caused from the injection of the polymer melt and Sc.F. as 
two separated phases, and which is detected only by cutting the samples as shown in (Figure 
8-7(a)). The other defect observed especially on the sample with a thick layer of polymer 
(experiments with shot volume 30 cm3) was a bulge on the side of the part out of contact 
with the sheet metal as shown in Figure 8-7(b). An insufficient cooling time is the cause of 
this non-contact as the unsolidified melt at the core of the sample expands after the ejection 
with a manifestation of the bulge on the outer surface of the sample. 
 
Figure 8-7: Defects observed during initial trials 
8.5.2 Dimensional properties and shrinkage 
The height and volume of the deformation, as determined by scanning the deform sheet 
metal samples shown in Figure 8-8 is an important result of this study, in which the 
application of the Sc.F. yields a notable increase in both the height and volume of the 
deformation. In the experiments with AA1100, an increase of 25% to 50% and 15% to 47% 
was observed in the respective height of the dome shape and the volume of deformation. 
The deformation of the AA6061 blank was less than the AA1100, however, falling within 
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a range of 6% to 26% for the additional height of the dome shape g from and within a range 
of 17% to 22% in terms of a limited increase of the deformation volume. Clearly, although 
the additional deformation from the application of the Sc.F. is dependent on the blank 
material, no consistent trend is observed in the deformation of the sheet metal by increasing 
the weight percentage of the Sc.F. 
 
Figure 8-8: (a) Height and (b) volume of the deformation.  
Shrinkage is usually a prominent challenge in the injection molding process. To 
quantify shrinkage in this study, the diameter of injected parts was measured one day after 
the experiment. The results of this measurement, as reported in Figure 8-9(a), clearly 
demonstrate that using the Sc.F. technology resulted in a larger part due to less shrinkage 
of samples. However, no consistent trend was observed upon increasing the weight 
percentage of Sc.F. Shrinkage is more critical in the PIF process as the springback 
phenomena in sheet metal deformation would act in the reverse direction, which can result 
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in delamination or a gap between the injected part and deformed metal. In order to 
investigate this phenomenon, a layer of adhesive coating was added on the surface of 
several blanks. These blanks were later processed in the same condition as experiments 
MP2-2 and MP3-2 processes. After one day, the hybrid samples were cut from the center. 
Investigating the cut section of these sheet metal-polymer samples provided further proof 
that the polymer melt with dissolved Sc.F. completely filled the deformed area and there 
was no gap or delamination observed between the sheet metal and the polymeric part (see 
Figure 8-9(b)). The layer of adhesive has been applied to make bonding between the injected 
part and the deformed sheet metal and keep them together to investigate the effect of 
shrinkage vs. springback. Hence, the effects of this adhesive layer on the other aspects of 




Figure 8-9: (a) Diameter of the injected samples. (b) Cut section view of a hybrid sample 
produced by SCPIF 
8.5.3 Weight and weight reduction  
In previous studies, it was determined that the weight of the injected part in the PIF 
process is not only dependent upon the shot volume owing to the coupled filling/forming 
condition and deformability of the cavity. Hence, it is important to investigate the weight 
of the injected part to determine the consistency of the experiments for correlation to 
established results. As seen in Figure 8-10(a), the injected samples with Sc.F. assisted 
technology exhibit a higher weight for an identical shot volume. This phenomenon occurs 
as the use of Sc.F. eases the sheet metal deformation (see additional deformation in Figure 
8-8) and thus expanding the region in which the melt flows into the cavity. In other words, 
the lessening of resistance enhances the flow of polymer melt into the cavity and reduces 
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that which would otherwise escape through the gap between the barrel and the fights to the 
other side of the injection screw. 
To assess the lightweighting potential of the proposed SCPIF process, the density of the 
injected parts was calculated and compared with the density of the injected parts with zero 
percent Sc.F. (regular PIF). Using these values, the lightweighting percentage of each 
experiment was calculated using Equation (8-1) where  is the density of the solid part 
and  is the density of the foam part. 
	
∗ 100 (8-1) 
It was observed that although the weight of the injected part showed an increase upon 
the integration of Sc.F. technology, the total density of the hybrid part showed a reduction 
of up to 21 %. Moreover, this result shows that lightweighting increased with increase in 
weight percentage of Sc.F. until an optimum point, but then showed a decline. This result 
can be further explained by correlating the results of deformation (see Figure 8-8(b)) and 
the weight of injected parts (Figure 8-10(a)). This correlation indicates a decrease in 
deformation volume and an increase in sample weights, which in turn reduces 




Figure 8-10: (a) Weight of injected parts and (b) Lightweighting achieved with SCPIF 
8.5.4 Micro-structure: Cell size and density 
The supercritically foamed samples were imaged at the cross-section using the 
following procedure, as demonstrated in Figure 8-11: 
1) A blade is used to notch the flat face of the samples along their diameters.  
2) The samples are immersed in a dewar of liquid nitrogen for 45 minutes. 
3) The samples are removed, secured in a vise and cryogenically fractured via rubber 
mallet. 




5) The samples are inside a Hummer 6.2 sputtering system for 3 mins to deposit a thin 
layer of platinum on the non-conducting polymer samples.  
6) The sputter coated samples are maged in a Hitachi 3400S scanning electron 
microscope at a maximum working distance to maximize the field of view. They are 
then subjected to an accelerating voltage of 5 kV at different magnifications to 
characterize cell size and density. 
 
Figure 8-11: Procedure followed to study foam morphology 
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The imaged samples were processed using Image J analysis tool to calculate the 
average cell size and cell density. Cell density, in particular, was calculated using Equation 
(8-2), where N is the number of cells, L is the linear length of the area, and M is a unit 
conversion, resulting in cell density being expressed as the number of cells per cubic 
centimeter [78]. In order to avoid skewing of data, a few abnormally large voids observed 
in some specimens were excluded from the calculation of average cell size and cell density. 
	 	   (8‐2) 
As the aim of the first set of experiments (MP-1) was to broadly understand the effects 
of integrating PIF and Sc.F. technology, the experiments were designed to elucidate 
changes in foam morphology with variances in both Sc.F. wt % and shot volume upon two 
aluminum alloys. A map of the cell densities vs cell sizes from MP1 is plotted in Figure 




Figure 8-12: Compilation of foam morphologies obtained in MP1 
Of the 11 experiments undertaken, five exhibit a microcellular foam morphology (i.e. 
average cell diameters < 50 m and cell densities > 1 x 106 cells/cm3).  Further, the 
conditions (MP1 – 10,14,15) under which the AA 6061 alloy and MP1-02 (conditions 
employing AA 1100 alloy) were used exhibited a microcellular foam morphology 
compared to all other compositions. However, a majority of samples (MP1 – 13,12,11,7,4 
and 16) showed inferior cell morphology (large cells with poor density) and blow holes 
underscoring the challenges associated with the integration of PIF and Sc.F. processes. 
Two major reasons are hypothesized as to why the samples foamed in experiments with 
AA6061 sheet metal exhibited a consistently superior cellular morphology:   
1) The use of the stiffer AA6061 sheet metal creates a higher pressure within the cavity 
and consequently a higher pressure drop at the end of the injection from suction induced 
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by the plasticizing phase and/or the solidification of the gate. As a result, the foaming 
stage as the supercritical fluid in the polymer melt falls below the critical pressure 
resulting in either a diffusion into nucleated cells or a nucleation to form new cells [79]. 
2) The coupled filling/forming phase of the PIF process exhibits a similar set of conditions 
as the counter pressure method, caused by the resistance of the blank against the melt 
flow. This condition prevents the Sc.F. from escaping from the melt flow front and 
keeps the melt in a pressure higher than the supercritical until the end of the injection 
[80]. Clearly, it is now known that this condition will improve with the use of AA6061 
given its far greater yield stress over AA1100 which results in the application of the 
high pressure inside the cavity from the beginning of the filling/forming phase.  
A correlation and proof of these findings are validated via the in-mold process 
variable concept described in Section 8.5.5. 
Studies two and three (MP-2 and MP-3) were performed to understand the effect of 
coupling an additional mechanism to control the pressure drop after filling/forming phase. 
In other words, these studies were useful in elucidating how foam morphologies change 
with the occurrence of (i) the mold opening/core back; (ii) a retracting cavity bottom; and 
iii) the effect of different Sc.F. weight percentages on the performance of each of 
procedure. A map of the cell density vs. cell size for MP-2 and MP-3 experiments is shown 




Figure 8-13: Compilation of foam morphologies obtained in MP-2 and MP-3. 
It is clearly evident from Figure 8-13 that samples subjected to mold opening/core back 
(MP-2) performed orders of magnitude better than the samples subjected to cavity 
retraction vis-a-viz their smaller cell sizes and larger cell densities. Additionally, truly 
microcellular morphology was only obtained in conditions within the MP2-2 samples, 
unlike those cavity retracted samples in (MP3) that exhibited macrocellular cells and highly 
irregular foam morphologies. These results also closely agree with that of both the 
lightweighting and deformation volume, which indicates the lack of influence upon the 




Such behavior is attributable to the acceptable performance of the second proposed 
manufacturing procedure (MP-2) to control the pressure drop and drop rate as shown in 
Table 8-5. This data was prepared based upon the cavity pressure measured by a sensor 
embedded at the postgate location (P1). Note although that MP-2 exhibited a lower drop in 
pressure than MP-3 given the higher drop rate, the morphology of MP-2 is superior. Other 
studies undertaken in microcellular injection molding also reported the importance of the 
drop rate, especially under low-pressure drop conditions [77] (forming pressure required 
for free deformation of AA1100 blanks is significantly less than cup forming or AA6061 
blanks). Cells characterizing any lengthy pressure drop tend to coalesce as they exhibit a 
lower Gibbs free energy that makes them thermodynamically more feasible[Guo, et al. [79] 
Table 8-5: Pressure drop measured at the post gate sensor 
Experiment No. Pressure Drop (bar) Drop rate (bar/s) 
MP2-1 11.579 40.34 
MP2-2 9.165 26.49 
MP2-3 8.789 27.81 
MP3-1 27.384 5.70 
MP3-2 22.976 3.45 
MP3-3 20.652 4.91 
 
8.5.5 Online process variables 
The influence of the online process variables within the cavity and injection machine 
upon the PIF performance process in terms of the blank deformation, light weighting and 
the morphology of the injected part are discussed in detail here. 
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To find any possible correlation between the cooling condition within the cavity and 
the morphology of the final injected part, the temperature of the post-gate sensor embedded 
within the cavity was carefully explored for each experiment, the results of which are 
plotted in Figure 8-14 for both blank materials in three different shot volumes. The 
temperature plotted in green represents samples with the highest cell density and lowest 
average cell size while that in red and purple denotes the poorest and average cell 
morphologies, respectively.  
Note the gradual and near consistent cooling condition in all the experiments 
characterized by a temperature variation that exceeds no more than 5 °C at any time. Note 
also, as indicated in Figure 8-14 the lack of any correlation between the morphology and 
the level of the temperature sensor within the range of this study. For example, in 
experiments with the AA6061 blanks, an increase in the injected volume also yielded an 
increase in the temperature of the injected part, but a decrease (from green to red) in cell 
quality. However, for AA1100, although the temperature increases with the shot volume, 





Figure 8-14: Profiles of postgate temperature sensors for three different shot volume with  (a) 
AA1100 blanks and (b) AA6061 
Cavity pressure is one of the most important process variables which significantly 
affects the performance of the proposed SCPIF process in terms of the deformation, the 
weight of the injected part, shrinkage and cell foaming quality. Moreover, given that most 
observations thus far reported here are explained by the exploration of this data, the profile 
of the cavity pressure in Figure 8-15 details all of the proposed manufacturing procedures, 
blank materials and the absence of Sc.F. (under regular PIF conditions). As shown here, 
for both the MP-1 and AA1100 blanks the cavity pressure reaches the maximum almost at 
the end of the filling/forming phase, after which the pressure decreases very gradually over 
the cycle time, thus causing the absence of an acceptable morphology and the presence of 
large voids.  
However, the same procedure (MP-1) executed with the AA6061 blanks quickly yield 
a very high cavity pressure and consequently a higher pressure drop at the end of the 
injection phase, which clearly validates the observation of the microcellular structure here. 
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Further, the cavity pressure profile for MP-2 clearly shows the good performance of the 
core back sequence in the manifestation of a high drop rate that is vital for a uniform 
microcellular morphology especially under low pressure drop conditions (using AA1100 
blanks). As the pressure required for cup forming is significantly higher than the free 
forming, the cavity pressure was higher as compared to the other experiments with AA1100 
blanks. Although the pressure plateaued from a higher value, the size of the cells in the 
foamed parts by MP-3 were external to the microcellular domain because of this 
insufficient drop rate. 
 
Figure 8-15: Profile of the postgate cavity pressure. 
8.6 Feasibility of utilizing SPH method to simulate SCPIF 
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To understand the dynamic characteristic of the melt flow with dissolved Sc.F. and 
explore the feasibility of meshless methods in simulation of the SCPIF process, the 
Smoothed Particle Hydrodynamics (SPH) method is used here to simulate the coupled 
filling/forming phase of the SCPIF process under high-speed conditions. The SPH method 
for simulating the polymer melt is coupled with the FE method to analyze the elastoplastic 
deformation of sheet metal.  
8.6.1 SPH formulation  
SPH is a fully Lagrangian method suitable for modeling fluid flows with complex 
moving boundaries and for the dynamic response of materials involving large deformation. 
Initially developed by Gingold and Monaghan [81] for the simulation of non-axisymmetric 
phenomena in astrophysics in the finite element method, the domain of the problem is 
divided into several subdomains (elements) which are represented by a set of algebraic or 
differential equations. These equations are then combined or integrated to get a global 
system of equations for the final calculation. Using the same concept, in the SPH method, 
the continuum domain is represented by a set of interacting particles instead of discrete 
small domains divided by grid-based numerical models [82]. 
These particles possess material properties and exhibit behaviors that are influenced by 
surrounding particles within a range controlled by a kernel function. It is thus possible to 
obtain the physical property of any particle by summing the corresponding properties of 
all the particles that lie within the range of the kernel. The weight of contribution from each 
particle depends on its distance from the concerned particle. This concept is illustrated in 
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a two-dimensional domain in Figure 8-16 and formulated as Eq (8-3) where Ω is the domain 
with a surface of S.  
 
Figure 8-16: Illustration of SPH approximations in a two-dimensional domain (reproduced from 
[83]). 
Employing this concept, any field variable (A(r)) at particle i (which is located at 
position r regarded to the global coordinate system) can be approximated using 
summations over other particles (such as j at position ) which lie inside the circular 
domain with the radius of κh. In Eq (8-3), h is the smoothing length which defines the 
influence or width of the kernel,  is a constant related to smoothing function for a particle 
at r and W is a smoothing function which should also satisfy Eq(8-4) [83]. 
A ’ W r’, h d ’ (8-3) 
W r’, h 0		 		 	| | 		 (8-4) 
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If  is known only at a discrete set of points, its continuous form can be written 
in a discretized form with the summation of the neighboring particles as given in Eq (8-5) 
[84]. 
′ d  (8-5) 
In this equation, N is the total number of particles within the region of influence and 
 is the differential volume element around the point rj. After combining equations 
(8-3) and (8-5) and replacing the differential volume element (dV)j by mj/ρj, any field 
variable within a discretized domain is defined by Eq (8-6) [84]. 
	 W , h  (8-6) 
Particle j carries mass mj at position rj, a density ρj and value of Aj.  
Monaghan suggested that the Kernel function (W) used must have a compact support 
to ensure zero interactions outside the computational range. In this regard, 
Abaqus/Explicit uses a quadratic interpolator to simulate high-velocity impact problems 








, 0	 	 	 	2 
(8-7) 
The use of a mean flow correction configuration update, also known as XSPH method, 
is another viable option [82]. The XSPH variant is most useful in fluid simulations, as it 
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ensures an orderly series of particles in the absence of viscosity. Since the simulation in 
this study involves a flow of polymer melt, the default configuration without mean flow 
correction is used. 
8.6.2 FE-SPH model setup and boundary conditions 
The ABAQUS CAE package was used to simulate the PIF process via the SPH method. 
A 3D-model of the entire experimental setup was constructed as shown in Figure 8-17. 
Given that the die was the subject of the deformation and given that the minimal 
deformation of the bank holder and plunger were minimal and beyond the scope of this 
study, they were modeled with analytically rigid elements. The sheet metal blank was 
considered as deformable and meshed by a 3D-solid element. To prevent excessive rotation 
of elements and balance the computational effort, the part was meshed using a bias, which 
formed a finer mesh at the center of the plate which undergoes maximum deformation and 
a coarser mesh towards the edge of the blank which undergoes minimum deformation.  
 
Figure 8-17. Assembly model of PIF process simulation 
The polymer melt was initially modeled as a deformable solid with reduced integration 
C3D8R elements. Then, a time-based conversion criterion was selected to convert the 
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C3D8R elements into a set of particles. The particle density can be controlled by specifying 
the number of particles to be produced in each isoparametric direction of the element. In 
the initial trials, the polymer underwent an excessive compression rather than flow motion 
if the default option for a number of the particle per nodes is selected, the cause of which 
was the empty spaces between the particles. Hence, the number of particles was increased 
until a proper compressibility and flow behavior of the particle (similar to actual polymer 
melt) was obtained. 
A three-step methodology was used for the simulation process. A general interaction 
property was defined in the initial step with a constant friction coefficient which was 
determined by calibrating the model with the corresponding experiment. The appropriate 
boundary conditions were applied to the other parts of the model in the same step. In the 
first step, the specified BHF was applied to clamp the sheet between the die and the blank 
holder. The final step entails an investigation of the coupled filling/forming phase of the 
PIF process by the virtue of the SPH particles (as the polymer melt) pushed by the plunger. 
8.6.3 Material Modeling 
A commercial aluminum alloy; AA1100-O is the material of choice for the sheet metal 
blanks. The modeling of this alloy in Abaqus is the same procedure mentioned in Chapter 
5. Given the emphasis of this research on the high injection rate condition, MFC-021 with 
a high melt flow rate (MFR of 29 g/10min) is a suitable choice due to its easy processing. 
The rheological characteristics of the polymer melt are represented in the form of the 
Williams-Landel-Ferry (WLF) viscosity model which completely expressed in Chapter 7. 
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The VUVISOSITY subroutine is used to implement the parameters of this model into the 
ABAQUS model. 
Another essential characteristic to be entered in this method is the equation of state 
for the polymer which is defined using Tait’s model as expressed in Eq (8-8). 
, 	 1 ln 1  (8-8) 
In this equation,  ,  is the specific volume of the material at temperature T and 
pressure p, v0 is the specific volume at a reference pressure, the value of constant C is 
0.0894 and B(T) is the function describing the pressure sensitivity of the material. Two 
different sets of parameters are used above and below the glass transition temperature T* 
which depends on pressure p and two fitting parameters b5 and b6 as denoted in Eq (8-9). 
∗ 	 ∗  (8-9) 
v0 and B(T) are calculated by Eq (8-10) and (8-11) where the subscript m denotes 
melt stage (the temperature is above the glass transition temperature). All the coefficients 




	 ∗  (8-10) 





Table 8-6: Constants of Tait's law 
 (m3/kg)  (m3/kg-K)  (Pa) 
0.001219 9.169e-07 7.9224e+07 
 (1/ K)  (K) (K/Pa) 
0.006619 453.15 4.25e-08 
The VUEOS subroutine was used to define the equation of state. Since this subroutine 
calculates both the pressure and internal energy based on the volumetric strain or density 
and temperature, Eq (8-8) was rearranged as Eq (8-12)-(8-14) [86]. 
, ∗ exp ∗





∗ ∗ exp ∗
∗ exp ∗ 1  
(8-14) 
8.7 Results and feasibility of SPH modeling 
The first step after creating the simulation model involves calibrating the flowability 
and compressibility of the SPH particles. A column of SPH particles is shown in Figure 
8-18 with two different particle densities. Note that for the same movement of the plunger, 
the sparse particles tend to compress rather than flow (see  Figure 8-18(a)). In the high 
particle density model, however, the same plunger movement causes a flow of particles 




Figure 8-18. Effect of adjusting particle density on the flowability of the polymer melt: (a) default 
setting (b) calibrated setting. 
The free deformation of the sheet until the end of the process at three time-steps is 
displayed in Figure 8-19. Note that the initial deformation of the sheet metal occurs from 
the effect of the polymer, unlike at the end of the process at which point the melt pressure 




Figure 8-19: development of the coupled filling/forming phase at three time-steps. 
The thickness distribution is the most important result used to inform the sheet metal 
deformation analysis as it indicates the probable locations of localized deformation and 
resultant rupture [57]. In this study, the simulation approach is validated by comparing the 
result of the thickness distribution for each experiment to that of the simulation results, 
shown in Figure 8-20. The approximate locations of the points in which the thickness of 
the deformed sheet is measured are shown in Figure 8-20(a). In all graphs, the minimum 
thickness is clearly indicated in points t1 which is observed in other bulging studies [70, 
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72]. The result of experiment 3 indicates a closer agreement with the simulation results 
compared to two other experiments with 82% of the deviations of the results within ±5%. 
This agreement shows the capability of the SPH method to model the hybrid process of the 
forming-injection molding especially in the high injection rate, characterized by larger 
deformation from the effect of the polymer jet to the sheet metal to that of the deformation 
from the polymer pressure. 
 
Figure 8-20: (a) approximate positions in which deformed sheet thickness measured, (b) the 




The integration concept of PIF process with Sc.F. technology was successfully realized 
using the custom design mold. Three manufacturing procedures were proposed to initiate 
nucleation and control the foaming process in this hybrid process. The effect of blank 
material and shot volume as design variables were investigated over a range of Sc.F. weight 
percentage. The following findings were derived from this study. 
 Additional deformation due to the application of the Sc.F. was observed. Despite the 
dependency of deformation on blank material, no consistent trend was detected in the 
deformation of sheet metal to increase in weight percentage of Sc.F. 
 Investigating the diameter of injected parts and cut section of hybrid samples further 
proved that this integration concept could completely eliminate the shrinkage issue, as 
no gap or delamination was observed on the hybrid parts due to the opposite reaction 
of shrinkage and springback. 
 Despite the increase in the weight of the injected parts, density results demonstrated a 
good capability of this integration for lightweighting as up to 21 % weight reduction 
was achieved by the second proposed manufacturing procedure. 
 The microstructure of Sc.F. foamed samples investigated by SEM showed that truly 
microcellular cell morphology was obtained as a result of conditions similar to counter 
pressure process created by use of the stiffer AA6061 sheet metal and higher pressure 
drop rates exhibited in the core back procedure (MP-2). 
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 The microstructure of samples in experiments employing AA1100 sheet metal and 
retraction of cavity bottom (MP-3) showed significantly poorer cellular morphology, 
having blow holes or irregularly foamed regions. 
 The results of cavity pressure studies clearly explained the morphology observation 
and revealed the good capability of core back procedure (MP-2) in terms of controlling 
the rate of the pressure drop. 
 Consideration of the equation of the state and rheological characteristics of the polymer 
melt flow along with the dependency of compressibility of the simulated melt to the 
density of the SPH particles showed the acceptable performance of this meshless 







 9. CONCLUSIONS AND OUTLOOK  
This work investigates polymer injection forming (PIF) – the hybrid process of 
injection molding and sheet metal forming. Motivated by the concept of integrated 
production systems, the PIF process has been introduced to manufacture sheet metal-
polymer components in a single tooling, machinery, and operating system. The general 
idea behind PIF is to insert a sheet metal blank within the mold to be deformed using 
polymer melt pressure applied through a regular injection molding machine. While sheet 
metal forming and injection molding are both well-known manufacturing techniques with 
relatively mature scientific knowledge, the scope of employing this knowledge in the PIF 
process is limited due to the mutual interaction of sheet metal deformation and polymer 
melt flow. This in turn significantly alters the physical principles of the integrated process. 
Moreover, due to its recently developed status, scientific knowledge directly related to the 
PIF process is still premature and suffers from several missing aspects in the previous 
studies. From the experimental point of view, the lack of special tool design for PIF process 
and limitations of injection molding machines have confined previous work to the stretch 
forming of sheet metal with no draw-in allowance. In addition, previous studies have 
mostly focused on the effect of injection parameters on deformation of sheet metal, thereby 
overlooking the specification of the injected part as a part of the final hybrid component. 
In theoretical studies, PIF process has been mostly compared with the hydroforming 
process and investigation was limited to only understanding the effect of rheological 
characterization of the polymer melt on pressure distribution and sheet metal deformation. 
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Hence, the effect of coupled filling/forming condition of this process on melt flow pattern 
and modeling of PIF process, based on the particular behavior of polymer melt flow, was 
missed in previous studies. Finally, no applied solution has been suggested in the 
aforementioned studies to mitigate the practical issues of PIF process, such as the thick 
polymeric layer within deep deformation region, non-uniform pressure distribution due to 
pressure loss, and the opposing effects of shrinkage versus springback.  
9.1 Conclusions 
 The general goal of this work was to enhance and develop scientific knowledge of the 
Polymer Injection Forming (PIF) process as a hybrid manufacturing system. Specifically, 
the fundamental physics and underlying principles behind this integration process were 
investigated via experiments, analytical models and numerical approaches. Furthermore, 
the integration concept of PIF process and Sc.F. technology was presented in order to 
overcome major technological barriers related to PIF so as to advance its use in actual 
industrial applications. 
Experimental investigations were conducted by fabricating a specialized setup to allow 
the simultaneous undertaking of molding and forming operations. A new design concept 
of PIF mold was introduced in this work that enables free and cup forming of sheet blank 
with different deformation depths. A novel design for the floating plate (and its associated 
mechanisms) was presented for the purpose of applying the blank holder force (BHF) 
independently from the preset clamping force on injection machine. The proposed mold 
design was also capable of integrating the Sc.F-assisted technology with several 
manufacturing approaches. Moreover, a set of sensors were embedded within the cavity to 
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capture online process parameters, such as pressure, temperature, and their respective 
gradients along the flow path. Transient molding parameters on the injection machine, such 
as barrel pressure, screw position, clamping force, and mold position were also integrated 
with in-mold data using a data acquisition device. 
Using this specialized mold, the interaction of two important parameters, viz. BHF and 
injection rate was studied experimentally. The results of this study highlighted the 
importance of adjusting both BHF and injection rate to ensure uniform thickness and 
reduced levels of local thinning in the sheet metal deformed via PIF process, while also 
preventing wrinkles and flash of the polymer. Specifically, both issues appeared at lower 
amounts of BHF, the incidence of which was eliminated by reducing the injection rate. In 
contrast to the increase of BHF which increases non-uniformity in thickness distribution, 
thickness reduction from elevated injection rate was the result of evolution of deformation. 
Moreover, a novel combined analytical-numerical approach was presented to model the 
PIF process, considering the effect of BHF and injection rate on process performance and 
quality of the final part. Besides the successful conduction of this scheme in modeling the 
PIF process and its close agreement with corresponding experiments, the superposition of 
draw-in value calculated from this analysis with pressure profiles captured by the sensor 
revealed that the drawing of sheet metal into the cavity happens mostly during the initial 
stages of PIF process, whereas wrinkling and flashing occurred afterward.  
Using the aforementioned experimental configuration, the coupled filling/forming 
phase of the PIF process was investigated and compared with regular injection molding in 
terms of online process parameters, cross-sectional morphology and degree of crystallinity. 
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The results of this work prove that the polymer melt is packed to a much greater extent in 
PIF process vis-à-vis conventional injection processing condition as it is coupled with the 
deformation of the sheet from the initial stage of injection. This can result in a higher 
density of the injected part and also possibly eliminate the packing phase in this hybrid 
process. Moreover, the temperature sensor mounted in the cavity wall showed a higher 
value in the hybrid process than in the case of the regular injection molding process, 
meaning that heat transfer and cooling conditions are better in the hybrid PIF process. The 
most important finding to emerge out of the results of cross-sectional morphology is that 
the melt flow pattern in filling/forming phase of PIF process follows sheet deformation 
mostly in the axial direction – something that has not been reported in earlier studies. This 
finding had a direct influence on flow pattern and thereby, on the distribution of pressure, 
temperature, crystallinity and the solidified layer. 
Based on the particular behavior of polymer melt during the coupled filling/forming 
condition, a general numerical approach to modeling the PIF process was developed in this 
work. Subsequently, the accuracy of this proposed modeling approach was examined in 
terms of assessing the distribution of pressure, principal strains, and thickness. Regardless 
of the deviation encountered by strain measurement method, fully-plastic assumption, and 
omission of localized thinning, the calculated results indicated a close agreement with 
experiments conducted with various shot volumes and blank materials. The findings of this 
study showed that despite the same weight of injected part for both tested materials, the 
height of dome-shape on samples made from the low-strength alloy was slightly higher 
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than for corresponding samples made from high-strength materials. This was due to greater 
compression on the polymer melt and consequently less deformation of the blank. 
The integration concept of PIF process with Sc.F. technology was successfully 
implemented using the custom design mold. Three manufacturing procedures were 
proposed to initiate nucleation and control the foaming process. The effect of blank 
material and shot volume (as design variables) was investigated over a range of Sc.F. 
weight percentage. The results of this feasibility study clearly demonstrated the capability 
of this integration concept in ensuring weight reduction (of up to 21 %) and complete 
elimination of issues related to shrinkage. In terms of the morphology of foamed part, the 
microcellular structure was archived with no aid provided via any extra mechanism 
(manufacturing procedure-1), as the coupled filling/forming phase of PIF process provided 
similar conditions as the counterpressure method, especially in experiments conducted 
using high-strength materials. But for low-strength materials, microcellular structure was 
attained only by manufacturing procedure-2 (similar to the core-back method), which 
shows the need to have an extra mechanism to control the drop rate in case of low pressure 
drop. 
9.2 Outlook 
Despite the significant enhancement in scientific knowledge of PIF process and the 
practical solutions proposed in this study to overcome challenges ahead of its actual 




 The first need is to develop the PIF tooling system in order to control and adjust BHF 
during the process under high injection rate conditions, and to also investigate a multi-
stage deformation of sheet metal within the PIF process. 
  The proposed analytical-numerical modeling approach can be extended to simulate 3D 
complex geometries and to capture the flash of polymer, along with its resultant issues 
in this hybrid process. Moreover, the accuracy and performance of this hybrid approach 
need to be compared with a fully coupled FSI simulation. 
 As the bonding condition between the sheet metal and injected polymer part is one of 
the important aspects of PIF process, further investigation is suggested to elucidate the 
effect of applying different bonding methods on melt flow behavior, deformation of 
sheet metal and the final geometry of hybrid part after solidification. 
 A comprehensive study needs to be conducted on PIF process to develop a systematic 
yet easy-to-follow part design guideline in order to facilitate the actual application of 
this process in related industries. 
 Given the results of this feasibility study on the integration of PIF process with Sc.F. 
technology, future work should focus on improving this integration by further process 
optimization and introduction of more effective manufacturing procedures in order to 




[1] E. J. Barbero, Introduction to composite materials design: CRC press, 2017. 
[2] A. Abibe, M. Sônego, J. Dos Santos, L. Canto, and S. Amancio-Filho, "On the 
feasibility of a friction-based staking joining method for polymer–metal hybrid 
structures," Materials & Design, vol. 92, pp. 632-642, 2016. 
[3] M. Sinha, R. Tyagi, and P. Bajpai, "Weight Reduction of Structural Members for 
Ground Vehicles by the Introduction of FRP Composite and Its Implications," in 
Proceedings of the International Conference on Modern Research in Aerospace 
Engineering, 2018, pp. 277-290. 
[4] G. Kopp and E. Beeh, "New Multi-Material Design Concepts and High 
Integration Light Metal Applications for Lightweight Body Structures," in 
Materials Science Forum, 2010, pp. 437-442. 
[5] N. P. Lutsey, "Review of technical literature and trends related to automobile 
mass-reduction technology," 2010. 
[6] M. Goede, M. Stehlin, L. Rafflenbeul, G. Kopp, and E. Beeh, "Super Light Car—
lightweight construction thanks to a multi-material design and function 
integration," European Transport Research Review, vol. 1, p. 5, 2009. 
[7] A. Mayyas, A. Qattawi, M. Omar, and D. Shan, "Design for sustainability in 
automotive industry: A comprehensive review," Renewable and Sustainable 
Energy Reviews, vol. 16, pp. 1845-1862, 2012. 
[8] L. Lihui, L. Kangning, G. Cai, X. Yang, C. Guo, and G. Bu, "A critical review on 
special forming processes and associated research for lightweight components 
based on sheet and tube materials," Manufacturing Review, vol. 1, p. 9, 2014. 
[9] G. Klein. (2008) Continued Growth. Kunststoffe International. 16-18.  
[10] S. T. Amancio Filho and L.-A. Blaga, Joining of Polymer-Metal Hybrid 
Structures: Principles and Applications: John Wiley & Sons, 2018. 
[11] M. Grujicic, V. Sellappan, G. Arakere, N. Seyr, and M. Erdmann, "Computational 
feasibility analysis of direct-adhesion polymer-to-metal hybrid technology for 
load-bearing body-in-white structural components," Journal of Materials 
Processing Technology, vol. 195, pp. 282-298, 2008. 
[12] (2005). Plastic/Metal Hybrid Technology. Available: 
https://techcenter.lanxess.com/scp/americas/en/innoscp/tech/78310/article.jsp?doc
Id=78310 
[13] J. Rowe, Advanced materials in automotive engineering: Elsevier, 2012. 
[14] R. Backhaus, "It’s all in the Mix," ATZ worldwide, vol. 119, pp. 8-13, 2017. 
[15] J. Starke, "Carbon composites in automotive structural applications," BMW 
GROUP EuCIA: Composties and Sustainability, 2016. 
[16] M. Grujicic, V. Sellappan, G. Arakere, N. Seyr, A. Obieglo, M. Erdmann, et al., 
"The potential of a clinch-lock polymer metal hybrid technology for use in load-
bearing automotive components," Journal of materials engineering and 
performance, vol. 18, pp. 893-902, 2009. 
169 
 
[17] G. Schuh, J. Kreysa, and S. Orilski, "HYBRIDE TECHNOLOGIEN-Roadmap" 
Hybride Produktion"," ZWF: Zeitschrift für Wirtschaftlichen Fabrikbetrieb, vol. 
104, p. 385, 2009. 
[18] C. Brecher, S. Jeschke, G. Schuh, S. Aghassi, J. Arnoscht, F. Bauhoff, et al., 
Integrative production technology for high-wage countries: Springer, 2012. 
[19] H. C. E. Van Der Aa, A. Verdier, and H. G. De Wolf, "Method and device for 
producing a composite product, and composite product produced therewith," ed: 
Google Patents, 2003. 
[20] D. V. Rosato and M. G. Rosato, Injection molding handbook: Springer Science & 
Business Media, 2012. 
[21] S. Kalpakjian, K. Vijai Sekar, and S. R. Schmid, Manufacturing engineering and 
technology: Pearson, 2014. 
[22] M. Kleiner and W. Homberg, "New 100.000 kN press for sheet metal 
hydroforming," in Proceedings of the International Conference on Hydroforming, 
Stuttgart, Germany, 6th, 2001, pp. 351-362. 
[23] S.-H. Zhang, "Developments in hydroforming," Journal of Materials Processing 
Technology, vol. 91, pp. 236-244, 1999. 
[24] H. Singh, Fundamentals of hydroforming: Society of Manufacturing Engineers, 
2003. 
[25] A. Tekkaya, M. Hussain, and J. Witulski, "The non-hydrostatic response of 
polymer melts as a pressure medium in sheet metal forming," Production 
Engineering, vol. 6, pp. 385-394, 2012. 
[26] M. Grüner and M. Merklein, "Numerical simulation of hydro forming at elevated 
temperatures with granular material used as medium compared to the real part 
geometry," International Journal of Material Forming, vol. 3, pp. 279-282, 2010. 
[27] M.-G. Lee, Y. P. Korkolis, and J. H. Kim, "Recent developments in hydroforming 
technology," Proceedings of the Institution of Mechanical Engineers, Part B: 
Journal of Engineering Manufacture, vol. 229, pp. 572-596, 2015. 
[28] S. Parng and S. Yang, "Fracture types and thickness distribution in superplastic 
sheets formed with plastic injection molding," Materials and Manufacturing 
Processes, vol. 16, pp. 503-518, 2001. 
[29] S. Yang and S. Parng, "Injection molding of ribbed plastic plates with a 
superplastic Zn–22% Al sheet," Advances in Polymer Technology: Journal of the 
Polymer Processing Institute, vol. 20, pp. 216-225, 2001. 
[30] M. Chen, X. Zhang, Q. Lei, and J. Fu, "Finite element analysis of forming of 
sheet metal blank in manufacturing metal/polymer macro-composite components 
via injection moulding," International Journal of Machine Tools and 
Manufacture, vol. 42, pp. 375-383, 2002. 
[31] W. Michaeli and R. Maesing, "Injection Moulding and Metal Forming in One 
Process Step," Progress in Rubber, Plastics and Recycling Technology, vol. 26, p. 
155, 2010. 
[32] P. Bariani, S. Bruschi, A. Ghiotti, and G. Lucchetta, "An approach to modelling 
the forming process of sheet metal-polymer composites," CIRP Annals-
Manufacturing Technology, vol. 56, pp. 261-264, 2007. 
170 
 
[33] R. Baesso, "Numerical and experimental investigation of the polymer injection 
forming process," 2008. 
[34] M. M. Hussain, M. Trompeter, J. Witulski, and A. E. Tekkaya, "An experimental 
and numerical investigation on polymer melt injected sheet metal forming," 
Journal of Manufacturing Science and Engineering, vol. 134, p. 031005, 2012. 
[35] B.-A. Behrens and T. Götze, "Temperature-dependent anisotropic material 
modeling of the sheet metal component within the polymer injection forming 
process," Production Engineering, vol. 8, pp. 91-99, 2014. 
[36] B. A. Behrens, A. Bouguecha, and T. Götze, "Consideration of fundamental 
influence parameters for the simulation of sheet‐metal forming processes by 
means of plastic melt pressure," Materialwissenschaft und Werkstofftechnik, vol. 
41, pp. 839-843, 2010. 
[37] G. Lucchetta and R. Baesso, "Polymer Injection Forming (PIF) Of Thin‐Walled 
Sheet Metal Parts—Preliminary Experimental Results," in AIP conference 
proceedings, 2007, pp. 1046-1051. 
[38] M. M. Hussain, Polymer Injection Sheet Metal Forming-Experiments and 
Modeling: Shaker, 2013. 
[39] M. Altan, M. Bayraktar, and B. Yavuz, "Manufacturing polymer/metal macro-
composite structure for vibration damping," The International Journal of 
Advanced Manufacturing Technology, vol. 86, pp. 2119-2126, 2016. 
[40] M. Razzaq, "Finite element simulation techniques for incompressible fluid 
structure interaction with applications to bioengineering and optimization," 2011. 
[41] S. Crandall, S. Vigander, and P. March, "Destructive vibration of trashracks due 
to fluid-structure interaction," Journal of Engineering for Industry, vol. 97, pp. 
1359-1365, 1975. 
[42] S. Farahani, A. F. Arezodar, B. M. Dariani, and S. Pilla, "An analytical model for 
non-hydrostatic sheet metal bulging process by means of polymer melt pressure," 
Journal of Manufacturing Science and Engineering, 2018. 
[43] D. M. Bryce, Plastic injection molding: manufacturing process fundamentals vol. 
1: Society of Manufacturing Engineers, 1996. 
[44] M. Parsa and M. Ettehad, "Experimental and finite element study on the spring 
back of double curved aluminum/polypropylene/aluminum sandwich sheet," 
Materials & Design, vol. 31, pp. 4174-4183, 2010. 
[45] A. K. Vasudevan and R. D. Doherty, Aluminum Alloys--Contemporary Research 
and Applications: Contemporary Research and Applications vol. 31: Elsevier, 
2012. 
[46] F. Ozturk, M. Dilmec, M. Turkoz, R. E. Ece, and H. S. Halkaci, "Grid marking 
and measurement methods for sheet metal formability," in 5th International 
Conference and Exhibition on Design and Production of MACHINES and 
DIES/MOLDS, 2009, pp. 18-21. 
[47] H. Kim and D. Lee, "Further development of experimental methods to verify 
computer simulations," Proceedings of NUMISHEET, Dearbom, Michigan, USA, 
pp. 316-323, 1996. 
171 
 
[48] K. Siegert and S. Wagner, "Formability characteristics of aluminium sheet," 
Training in aluminium application technologies (TALAT), 1994. 
[49] A. M. Joshi, "Strain studies in sheet metal stampings," BE Mechanical, AMI Prod, 
2002. 
[50] R. S. Lenk, Polymer rheology: Springer Science & Business Media, 2012. 
[51] T. Osswald and J. P. Hernández-Ortiz, "Polymer processing," Modeling and 
Simulation. Munich: Hanser, 2006. 
[52] M. Hassan, K. Hino, N. Takakura, and K. Yamaguchi, "Friction aided deep 
drawing of sheet metals using polyurethane ring and auxiliary metal punch. Part 
2: analysis of the drawing mechanism and process parameters," International 
journal of machine tools and manufacture, vol. 42, pp. 633-642, 2002. 
[53] W. Wang, L. Huang, K. Tao, S. Chen, and X. Wei, "Formability and numerical 
simulation of AZ31B magnesium alloy sheet in warm stamping process," 
Materials & Design, vol. 87, pp. 835-844, 2015. 
[54] V. ABAQUS, "6.14, Online Documentation Help, Theory manual: Dassault 
Systms," ed: Accessed on, 2016. 
[55] Y. Yang and F. Gao, "Injection molding product weight: online prediction and 
control based on a nonlinear principal component regression model," Polymer 
Engineering & Science, vol. 46, pp. 540-548, 2006. 
[56] M. R. Kamal, A. E. Varela, and W. I. Patterson, "Control of part weight in 
injection molding of amorphous thermoplastics," Polymer Engineering & 
Science, vol. 39, pp. 940-952, 1999. 
[57] H. I. Demirci, C. Esner, and M. Yasar, "Effect of the blank holder force on 
drawing of aluminum alloy square cup: Theoretical and experimental 
investigation," Journal of materials processing technology, vol. 206, pp. 152-160, 
2008. 
[58] R. Zheng, R. I. Tanner, and X.-J. Fan, Injection molding: integration of theory 
and modeling methods: Springer Science & Business Media, 2011. 
[59] S.-W. Kim and L.-S. Turng, "Developments of three-dimensional computer-aided 
engineering simulation for injection moulding," Modelling and Simulation in 
Materials Science and engineering, vol. 12, p. S151, 2004. 
[60] P.-W. Zhu, A. W. Phillips, G. Edward, and R. Zheng, "Flow distribution in shear-
induced crystallisation of melt polymer: A prediction from morphological 
distribution of solid polymer," Polymer, vol. 53, pp. 2274-2282, 2012. 
[61] J. Velasco, J. De Saja, and A. Martinez, "Crystallization behavior of 
polypropylene filled with surface‐modified talc," Journal of applied polymer 
science, vol. 61, pp. 125-132, 1996. 
[62] M. T. Shaw, Introduction to polymer rheology: John Wiley & Sons, 2012. 
[63] J. Hu, Z. Marciniak, and J. Duncan, Mechanics of sheet metal forming: Elsevier, 
2002. 
[64] B. Budiansky and N. Wang, "On the swift cup test," Journal of the Mechanics 
and Physics of Solids, vol. 14, pp. 357-374, 1966. 
172 
 
[65] R. Hill, "C. A theory of the plastic bulging of a metal diaphragm by lateral 
pressure," The London, Edinburgh, and Dublin Philosophical Magazine and 
Journal of Science, vol. 41, pp. 1133-1142, 1950. 
[66] A. M. Beese, M. Luo, Y. Li, Y. Bai, and T. Wierzbicki, "Partially coupled 
anisotropic fracture model for aluminum sheets," Engineering Fracture 
Mechanics, vol. 77, pp. 1128-1152, 2010. 
[67] R. Hill, The mathematical theory of plasticity vol. 11: Oxford university press, 
1998. 
[68] S. Y. Zhang, L. Leotoing, D. Guines, and S. Thuillier, "Calibration of material 
parameters of anisotropic yield criterion with conventional tests and biaxial test," 
in Key Engineering Materials, 2013, pp. 2111-2117. 
[69] P. Dasappa, K. Inal, and R. Mishra, "The effects of anisotropic yield functions 
and their material parameters on prediction of forming limit diagrams," 
International Journal of Solids and Structures, vol. 49, pp. 3528-3550, 2012. 
[70] G. Gutscher, H.-C. Wu, G. Ngaile, and T. Altan, "Determination of flow stress for 
sheet metal forming using the viscous pressure bulge (VPB) test," Journal of 
Materials Processing Technology, vol. 146, pp. 1-7, 2004. 
[71] A. J. Chorin, "Numerical solution of the Navier-Stokes equations," Mathematics 
of computation, vol. 22, pp. 745-762, 1968. 
[72] S. Kaya, T. Altan, P. Groche, and C. Klöpsch, "Determination of the flow stress 
of magnesium AZ31-O sheet at elevated temperatures using the hydraulic bulge 
test," International Journal of Machine Tools and Manufacture, vol. 48, pp. 550-
557, 2008. 
[73] S. Yu-Quan and Z. Jun, "A mechanical analysis of the superplastic free bulging of 
metal sheet," Materials Science and Engineering, vol. 84, pp. 111-125, 1986. 
[74] J. Xu and L. S. Turng, Microcellular Injection Molding: Wiley, 2011. 
[75] S. A. Pradeep, "An Investigation of Bimodal Cellular Distributions via 
Supercritical Fluid Assisted (SCF) Foam Injection Molding," 2016. 
[76] S. Gong, M. Yuan, A. Chandra, H. Kharbas, A. Osorio, and L. Turng, 
"Microcellular injection molding," International Polymer Processing, vol. 20, pp. 
202-214, 2005. 
[77] J. Xu, Microcellular injection molding vol. 9: John Wiley & Sons, 2011. 
[78] S. Pilla, A. Kramschuster, L. Yang, J. Lee, S. Gong, and L.-S. Turng, 
"Microcellular injection-molding of polylactide with chain-extender," Materials 
Science and Engineering: C, vol. 29, pp. 1258-1265, 2009. 
[79] Q. Guo, J. Wang, C. B. Park, and M. Ohshima, "A microcellular foaming 
simulation system with a high pressure-drop rate," Industrial & engineering 
chemistry research, vol. 45, pp. 6153-6161, 2006. 
[80] S. C. Chen, P. S. Hsu, and S. S. Hwang, "The effects of gas counter pressure and 
mold temperature variation on the surface quality and morphology of the 
microcellular polystyrene foams," Journal of Applied Polymer Science, vol. 127, 
pp. 4769-4776, 2013. 
173 
 
[81] R. A. Gingold and J. J. Monaghan, "Smoothed particle hydrodynamics: theory 
and application to non-spherical stars," Monthly notices of the royal astronomical 
society, vol. 181, pp. 375-389, 1977. 
[82] J. J. Monaghan, "Smoothed particle hydrodynamics," Annual review of astronomy 
and astrophysics, vol. 30, pp. 543-574, 1992. 
[83] M. Liu and G. Liu, "Smoothed particle hydrodynamics (SPH): an overview and 
recent developments," Archives of computational methods in engineering, vol. 17, 
pp. 25-76, 2010. 
[84] B. Schlatter, "A pedagogical tool using smoothed particle hydrodynamics to 
model fluid flow past a system of cylinders," Dual MS Project, Oregon State 
University, 1999. 
[85] D. Systèmes, "Abaqus Analysis User’s Guide," Solid (Continuum) Elements, vol. 
6, 2014. 
[86] T. Mueller and F. Henning, "Simulation of combined forming and injection 
molding processes," in 2015 SIMULIA Community Conference, 2015. 
 
